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One of the more modern approac,es t o  t h e  problem of 
p a t t e r n  r e c o g n i t i o n  u t i l i z e s  t echn iques  of coherent  optics 
t o  perform c o r r e l a t i o n  a n a l y s e s .  An i n v e s t i g a t i o n  directed 
towards development of coherent  o p t i c a l  data p rocess ing  
t echn iques  applicable t o  d e t e c t i o n  and s t u d y  of meteor 
t r a i l s  has been conducted a t  The U n i v e r s i t y  of Tennessee 
Space I n s t i t u t e  under sponsor sh ip  of The Na t iona l  Aero- 
n a u t i c s  and Space Admin i s t r a t ion ' s  Marshall Space F l i g h t  
Center/Space Sc iences  Laboratory. T h i s  r e p o r t  p r e s e n t s  
theoretical and exper imenta l  f i n d i n g s  from these research 
effor ts .  
Implementation of a coherent  opt ical  data processor  
fo r  p a t t e r n  r e c o g n i t i o n  purposes  can be effected by  u s e  
of the  matched f i l t e r ,  a complex f i l t e r  which is made t o  
detect a p a r t i c u l a r  s i g n a l  ( g e n e r a l l y ,  a two-dimensional 
s i g n a l )  i n  t h e  presence  of other s i g n a l  forms and no i se .  
B a s i c  t o  t h e  research effor ts  reported here is t h e  assump- 
t i o n  t h a t  meteor informat ion  is collected and made a v a i l a b l e  
t o  t h e  op t ica l  system by means of photographic f i l m  t r a n s -  
pa renc ie s .  Thus, t he  matched f i l t e r  must be capable of 
d e t e c t i n g  t h e  presence  of meteor t r a i l s  whi le  r e j e c t i n g  s t a r  
images and other forms of n o i s e ,  Techniques and a p p l i c a -  
t i o n s  of matched f i l t e r  p a t t e  n r e c o g n i t i o n  appear  i n  t h e  
open l i t e r a t u r e  ( 1 , 2 , 3 , 4 , 5 ) ,  An a n a l y s i s  and d i s c u s s i o n  
of a coherent o p t i c a l  matched f i l t e r  system is presented  
i n  Appendix A of t h i s  r e p o r t .  
* 
A s  shown i n  Appendix A ,  o p e r a t i o n  of t h e  matched 
f i l t e r  is e s s e n t i a l l y  t h a t  of performing a c o r r e l a t i o n  
a n a l y s i s  between t w o  s i g n a l s ;  one s i g n a l  is an inpu t  t o  
t h e  system and the  second is a s i g n a l  t o  which the  f i l t e r  
is matched. The ou tpu t  of such a system is a l i g h t  i n t en -  
s i t y  d i s t r i b u t i o n  p r o p o r t i o n a l  t o  t h e  squared magnitude 
of t h e  r e s u l t i n g  c o r r e l a t i o n  f u n c t i o n .  Thus, t h e  detect- 
able ou tpu t  q u a n t i t y  is a measure of t h e  s i m i l a r i t y  between 
a known and an unknown s i g n a l .  
Important a s p e c t s  of matched f i l t e r  o p e r a t i o n s  which 
have been i n v e s t i g a t e d  dur ing  t h e  pe r iod  of t h i s  c o n t r a c t  
i nc lude  c h a r a c t e r i z a t i o n  of t h e  matched f i l t e r  w i t h  r e g a r d s  
t o  its s e l e c t i v i t y  and output  l i g h t  d i s t r i b u t i o n ,  deter- 
minat ion of f a c t o r s  i n f luenc ing  f i l t e r  d i f f r a c t i o n  e f f i c i e n c y ,  
and an i n v e s t i g a t i o n  of t h e  effects  of inpu t  s i g n a l  format 
c o n t r a s t ,  In  z d d i t i o n ,  a matched f i l t e r  o p t i c a l  conffgura-  
t i o n  which affords o p e r a t i o n a l  advantages i n  meteor t r a i l  
* 
Numbers i n  pa ren theses  refer t o  similar 
ences i n  t h e  b ib l iography,  
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d e t e c t i o n  has  been designed Experiments have been con- 
ducted t o  de te rmine  t h e  l i m i t a t i o n s  of t h e  theory employed 
and t o  demonst ra te  t h e  p r a c t i c a b i l i t y  of o p t i c a l  data 
p rocess ing  t echn iques ,  as a p p l i e d  t o  meteor t r a i l  s t u d i e s .  
An important  c o n s i d e r a t i o n  here concerns t h e  manner 
i n  which t h e  matched f i l t e r  d i s t i n g u i s h e s  between s imilar  
s i g n a l s .  I t  has  been shown t h a t  c e r t a i n  s t e p s  can be taken  
i n  matched f i l t e r  formation t o  improve the  a b i l i t y  of a 
f i l t e r  t o  d i s t i n g u i s h  between s i m i l a r  s i g n a l s  (6 ) .  In t h i s  
regard, a n  a p p r o p r i a t e  matched f i l t e r  model has been s t u d i e d ,  
both from a theoretical  and exper imenta l  viewpoint ,  t o  de- 
t e rmine  parameters a f f e c t i n g  f i l t e r  s e l e c t i v i t y  as w e l l  a s  t o  
characterize p r a c t i c a l  matched f i l t e r  o p e r a t i o n .  I t  is 
shown t h a t  t h e  matched fi1ter”s bandpass characteristics 
de termine  its s e l e c t i v i t y  and t h e  ou tpu t  l i g h t  d i s t r i b u t i o n .  
T h i s  s t u d y  is p resen ted  as Chapter 11.  A narrow r e c t a n g u l a r  
a p e r t u r e  w a s  employed as a meteor t r a i l  model i n  these s t u d i e s ,  
An expres s ion  for  t h e  ou tpu t  l i g h t  d i s t r i b u t i o n  ( c o r r e l a t i o n  
i n t e n s i t y )  cor responding  t o  r e c t a n g u l a r  s i g n a l  formats is 
developed and p resen ted  i n  Appendix D. 
T y p i c a l  hologram d i f f r a c t i o n  efficiencies are t w o  t o  
three p e r c e n t .  S ince  t h e  matched f i l t e r  is i n  fact a F o u r i e r  
t r ans fo rm hollogram, d e t e c t i o n  of t h e  matched f i l t e r  ou tpu t  
is affected by its d i f f r a c t i o n  e f f i c i e n c y .  Experiments w e r e  
conducted t o  d e t e r m i n e  t h e  proper  matched f i l t e r  f i l m  (or 
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photographic p l a t e )  d e n s i t y  which would y i e l d  a r e l a t i v e l y  
h igh  d i f f r a c t i o n  e f f i c i e n c y ,  Borrowing f r o m  t h e  exper ience  
of holographers, a b leaching  s t e p  w a s  added t o  the  f i l m  pro- 
c e s s i n g  procedure ,  The effects of f i l m  b leaching  were 
s t u d i e d  t o  determine t h e  manner i n  which b leaching  a f fec ts  
matched f i l t e r  o p e r a t i o n ,  I t  w a s  found t h a t  matched f i l t e r  
e f f i c i e n c i e s  can be improved by proper  b leaching .  A l s o ,  
t h e  s e l e c t i v i t y  e x h i b i t e d  by unbleached f i l t e r s  is decreased 
af te r  b leaching .  These s t u d i e s  are presented. and d i scussed  
i n  Chapter I I I 
Chapter I V  c o n s i s t s  of d i s c u s s i o n s  and exper imenta l  
r e s u l t s  r e l e v a n t  t o  the  effects of inpu t  s i g n a l  format 
c o n t r a s t  upon t h e  o p e r a t i o n  of matched f i l t e rs .  T h i s  is 
one of t he  more important  factors  i n  t he  u s e  of matched 
f i l t e r  t echn iques  f o r  d e t e c t i o n  of meteor t r a i l s  because 
t h e  inpu t  s i g n a l s  are  recorded on photographic  f i l m  w i t h  
t y p i c a l l y  l o w  c o n t r a s t  between t h e  s i g n a l  and t h e  s i g n a l  
background. The c o n t r a s t  is dependent upon the  propert ies  
of the  meteor (s ize  and etc.)  e n t e r i n g  t h e  ear th9s  atmos- 
phere  and t h e  characteristics of t h e  f i l m  on which these 
images are recorded, E f f e c t s  of inpu t  s i g n a l  (meteor t r a i l )  
r o t a t i o n  as  a f u n c t i o n  of f i l t e r  s e l e c t i v i t y  are a l so  con- 
sidered i n  Chapter  I V .  F i n a l l y ,  t h e  a b i l i t y  of t h e  matched 
f i l t e r  to d i s c r i m i n a t e  a g a i n s t  c i r c u l a r  a p e r t u r e  t y p e  formats 
( r e p r e s e n t a t i v e  of s ta r  images) is cons ide red ,  
4 
The d e s i g n  of a eoherent  o p t i c a l  matched f i l t e r  system 
is p resen ted  and d i scussed  i n  Chapter V .  An a n a l y s i s  of 
t h i s  sys t em appea r s  i n  Appendix B. T h i s  system c o n s i s t s  
of a spherical  wave matched f i l t e r  correlator  which w a s  
designed t o  minimize t h e  number of l e n s e s  employed, subse-  
quen t ly  minimizing t h e  system n o i s e  in t roduced  by t h e  l e n s e s .  
Such a sys t em a l so  provides  a t r ans fo rm plane  s c a l i n g  capa- 
b i l i t y  which allows s i m i l a r  i npu t  s i g n a l s  t o  be scaled t o  
a s i n g l e  matched f i l t e r ,  S e v e r a l  ou tpu t  d e t e c t i o n  schemes 
a re  cons idered  i n  t he  s y s t e m  d e s i g n ,  and a closed c i r c u i t  
t e l e v i s i o n  l i n e  scanner  and v i s u a l  monitor  des ign  is given  
i n  Appendix C. 
F i n a l l y ,  Chapter V I  i n c l u d e s  conc lus ions  drawn from 
these research e f f o r t s  and recommendations for implementing 
the  v a r i o u s  t echn iques  r e p o r t e d  here. 
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CKBPTER 4 1  
OPERATION OF THE MATCHED FILTER A S  A FUNCTION OF 
ITS BANDPASS CHARACTERISTICS 
In  t h i s  chapter ,  t h e  o p e r a t i o n  of t h e  matched f i l t e r  a s  
a f u n c t i o n  of its bandpass characteristics is cons idered .  In 
p a r t i c u l a r ,  t h e  effects of f i l t e r  bandpass characteristics 
upon t h e  f i l t e r  s e l e c t i v i t y 9  or a b i l i t y  t o  d i s t i n g u i s h  between 
s i m i l a r  s i g n a l s 9 a n d  t h e  ou tpu t  c o r r e l a t i o n  l i g h t  d i s t r i b u t i o n  
have been i n v e s t i g a t e d ,  
P h y s i c a l  S i g n i f i c a n c e  of Bandl imi t ing  
In  g e n e r a l ,  t h e  energy d e n s i t y  spectrum of a s i g n a l  
r e v e a l s  t h a t  a large pe rcen tage  of t h e  t o t a l  energy is 
concen t r a t ed  i n  t he  l o w  f requency range  of t h e  s i g n a l  spectrum. 
T h i s  l o w  f requency  informat ion  is common t o  s i g n a l s  which are 
s i m i l a r  i n  form, w h i l e  i-t is t h e  h igher  f requency informat ion  
which d i s t i n g u i s h e s  s i m i l a r  s i g n a l s  One would therefore 
expec t  t h a t  t h e  s e l e c t i v i t y  of a matched f i l t e r  can be i m -  
proved by b locking  t r ansmiss ion  of l i g h t  i n  t h e  low frequency 
range  
Photographic  f i l m  has been and c o n t i n u e s  to be a basic 
medium for r eco rd ing  data i n  o p t i c a l  p rocess ing  and f i l t e r i n g  
sys tems,  One method for r e a l i z i n g  t h e  bandl imited matched 
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f i l t e r  us ing  t h e  s a t u r a t i o n  c h a r a c t e r i s t i c s  of photographic  
f i l m ,  is as  fo l lows .  Overexposure by t h e  s i g n a l  l i g h t  compo- 
nent dur ing  f i l t e r  formation causes  t h e  f i l m  t o  s a t u r a t e  i n  
t he  low frequency range s i n c e  most of the  energy is concen- 
t ra ted nea r  t he  ze ro  frequency. Simultaneously,  t h e  s i g n a l  
l e v e l  is increased  i n  t h e  high frequency range and t h e  s i g n a l  
t o  n o i s e  r a t i o  of t he  h igher  f requency components is increased  
s i g n i f i c a n t l y  e That  is, t h e  normally l i m i t e d  upper f requency 
c u t  off has been extended (7). The s i t u a t i o n  d iscussed  here 
is i l l u s t r a t e d  i n  F igure  1, where f i l m s  have been sub jec t ed  
t o  d i f f e r e n t  exposures  t o  r eco rd  t h e  Four i e r  spectrum of t h e  
s i g n a l  ( r ec t angu la r  a p e r t u r e ) .  
From F igure  1, it can be seen  t h a t  as  t h e  lower c u t  
o f f  f requency i n c r e a s e s ,  the  h igh  frequency c u t  off i n c r e a s e s  
and v ice-versa .  The upper c u t  o f f  f requency can be deter- 
mined by comparison of t h e  n o i s e  l e v e l  of t h e  r eco rd ing  
medium ( f i l m )  and t h e  apparent  spectral  w i d t h  of t he  f i l t e r  
func t ion .  
In s h o r t ,  i t  can  be s a i d  t h a t  t h e  upper  and l o w e r  c u t  
o f f  depends on the exposure t i m e ,  developing t i m e ,  t y p e  of 
f i l m  and s i g n a l  t o  r e f e r e n c e  i n t e n s i t y  r a t i o  dur ing  exposure.  
I t  is t h e  l a t t e r  f a c t o r  which is employed i n  p r a c t i c e .  A l s o ,  
i n  p r a c t i c e ,  t h e  low frequency bandstop can be made t o  e x h i b i t  
uniform opac i ty  by u s e  of an opaque mask, t h u s  a l l e v i a t i n g  
any gray area which might e x i s t ,  
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Figure  8 ,  Fourier spectrum si a rec tangulay  aperture, 
illustrating bandwidth v a r i a t i o n s  as a 
function 0% exposure, 
8 
-- Bandlimited Matched F i l t e r  Model 
I t  has  been i n t u i t i v e l y  reasoned i n  t h e  previous  sec.tirm 
t ha t  t h e  s e l e c t i v i t y  of a matched f i l t e r  can be improved by 
u s e  of a h igh  pass f i l t e r  i n  conjunct ion  w i t h  a wideband 
matched f i l t e r .  A related aspec t  is the  expec ta t ion  t h a t  
such a d d i t i o n a l  f i l t e r i n g  w i l l  a l t e r  t he  output  l i g h t  d i s t r i b u -  
t i o n  ( i , e e 9  t h e  r e s u l t i n g  c o r r e l a t i o n  l i g h t  i n t e n s i t y ) .  Both 
of these c o n s i d e r a t i o n s  have been i n v e s t i g a t e d  t h e o r e t i c a l l y  
by u s e  of a bandl imited matched f i l t e r  model. The idealized 
meteor t r a i l  model or r e c t a n g u l a r  a p e r t u r e  was used throughout  
t h i s  s tudy  a s  t h e  input  s i g n a l  and the  s i g n a l  t o  which t h e  
f i l t e r  is matched. 
In g e n e r a l ,  t h e  bandl imited matched f i J t e r  model c o n s i s t s  
of a matched f i l t e r  ope ra t ing  under band pass  f i l t e r  c o n s t r a i n t s ,  
The  bandpass f i l t e r  can  be considered a s  a combination of a low 
pass  and a high pass  s p a t i a l  f requency f i l t e r .  If an  obs t ruc-  
t i o n  is l o c a t e d  such t h a t  it p r o h i b i t s  l i g h t  being t r a n s m i t t e d  
i n  a r eg ion  above a c e r t a i n  s p a t i a l  f requency ( i . e e ,  t h e  high 
frequency c u t  o f f ) ,  it is called a l o w  pas s  f i l t e r .  T h i s  
t y p e  f i l t e r  is shown i n  F igure  2 ( a ) .  Otherwise,  i f  an opaque 
o b s t r u c t i o n  is p laced  i n  t h e  low frequency r eg ion  (around 
the  z e r o  frequency component) of t h e  two-dimensional f requency 
p lane  such tha t  it p r o h i b i t s  l i g h t  being t r a n s m i t t e d  through 
t h a t  p o r t i o n  of t he  p lane  which is below a cer ta in  s p a t i a l  
f requency ( i e e e  t h e  low frequency c u t  o f f ) ,  it is called a 





Combining t h e  c h a r a c t e r i s t i c s  of t h e  high pass  and 
low pass s p a t i a l  f requency f i l ters  produces a band pass  
f i l t e r ,  as shown i n  F igure  2 (c) e T h i s  is an i d e a l  band pass  
f i l t e r  i n  t h a t  it e x h i b i t s  i n f i n i t e  r e j e c t i o n  above and 
below the  r e s p e c t i v e  c u t  off f r equenc ie s .  I n  a d d i t i o n ,  the  
f i l t e r  t r a n s f e r  func t ion  is e n t i r e l y  real .  Thus, t h e  band 






= [ 0,  elsewhere 
where (m’,n’) and (m,n) are r e s p e c t i v e l y  t h e  lower and upper 
c u t  o f f  f r equenc ie s ,  i n  two dimensions.  H e r e  X is the  wave- 
l eng th  of t h e  monochromatic l i g h t  and f l  is t h e  f o c a l  l eng th  
of t h e  t ransform l e n s  (see Appendix A ) ,  Contrasted w i t h  its 
e l e c t r o n i c  c o u n t e r p a r t ,  t h e  band pass  f i l t e r  described here 
is a r e a l i z a b l e  f i l t e r .  
A matched f i l t e r  may be described by t h e  t ransfer  
f u n c t i o n  (2) 
cu 
Here, G is t h e  Four i e r  t ransform of G(x19y1)’ t h e  s i g n a l  t o  
which t he  f i l t e r  is matched. 
Combining t h e  t r a n s f e r  f u n c t i o n s  €or t h e  band pass  
f i l t e r  and t h e  matched f i l t e r  y i e l d s  t h e  composite t ransfer  
f u n c t i o n  
The above t r a n s f e r  f u n c t i o n  describes t h e  bandl imited matched 
f i l t e r  model.  
Ana l v s i s  of Band l i m i t e d  Matched F i  It ers 
The c o r r e l a t i o n  r e l a t e d  output  (amplitude d i s t r i b u t i o n )  
of a coherent  op t ica l  matched f i l t e r  sys tem is given by 
Equation A-8 of Appendix A ,  where a g e n e r a l  matched f i l t e r  
type  o p t i c a l  c o r r e l a t o r  is described and ana lyzed .  In 
t e r m s  of a two-dimensional F o u r i e r  t r ans fo rma t ion ,  t h e  out -  
put  can  be w r i t t e n  as 
O(X739Y3 ) a 
c o c o  , ,* 
S (u,v) G (u ,v)  exp [-2ri(x3u + y3v)]dudv, 
(4) -co -co 
where (x3,y3) a r e  t h e  output  p l ane  v a r i a b l e s  and (u,v) are t h e  
s p a t i a l  f requency v a r i a b l e s .  The t e r m  i n  t h e  argument of t h e  
complex exponen t i a l ,  ( -ahf)  of Equation A-8 s e r v e s  t o  t r ans l a t e  
t h e  output  o f f - a x i s ,  but  i n  no way a f f e c t s  t h e  ampli tude or 
l i g h t  d i s t r i b u t i o n ;  t h u s ,  it w i l l  no t  be c a r r i e d  through t h e  re- 
mainder  a9 t h i s  r e p o r t .  
A f i l t e r  which is matched t o  a r e c t a n g u l a r  a p e r t u r e  
having dimensions a s  shown i n  F igu re  3(a)  w a s  chosen fo r  i n v e s t i -  
g a t i o n  of bandl imi t ing  effects, T h a t  is,  
G(X1 ? y1 = r ec tp ]  rect [:I ( 5 )  
and the  two-dimensional Four ie r  t ransform is 
12 
I 
-+I k+- a '  
* * 
a f  = 1 m m . ,  b f  = 3mm.  
(a) The s i g n a l  t o  which  t h e  f i l t e r  is matched. 
(* dimensions used i n  exper imenta l  work) 
f 
i 
b -  
-+I t e a  
Case 1: a ' /a = 1, bf/b = 1 
Case 2: a f / a  = 2,  b f / b  = 1 
Case 3: a f / a  = 0.5,  bf/b = 1 
(b) Input  s i g n a l  formats. 
F igu re  3. Signa l  formats  used i n  theoretical  
and exper imenta l  matched f i l t e r  




G(u,v) = arb’  s i n c ( a a r u )  s ine (nb’v )  
Here, (x19y1) are t h e  inpu t  p l ane  v a r i a b l e s ,  and t h e  
a p e r t u r e s  are  assumed t o  be i l l u m i n a t e d  by l i g h t  ampli-  
t ude  of u n i t  va lue .  
Three d i f f e r e n t  i npu t  s i g n a l s  were chosen as  shown i n  
F igu re  3 ( b ) .  For  t h e  i n p u t s ,  
S(x 1’ y 1 ) = rect [ :] rect [:I 
and 
,-u 
S(u ,v )  = ab  sinc(.rrau) s i n c ( n b v ) .  (8 1 
I t  should  be noted here t h a t  according t o  t h e  i n p u t s  s e l e c t e d ,  
a c o r r e l a t i o n  a n a l y s i s  w i l l  y i e l d  c r o s s - c o r r e l a t i o n  i n  t h e  
x3 dimension and a u t o - c o r r e l a t i o n  i n  t h e  y3 dimension. 
A wideband f i l t e r  ( i - e - ,  a matched f i l t e r  w i t h  no 
band l imi t ing )  c a n  be analyzed by direct u s e  of t h e  above 
output  r e l a t i o n .  For t h e  bandl imited cases, the  r e s p e c t i v e  
c u t  o f f  f r e q u e n c i e s  are introduced i n t o  Equation 4 through 
t h e  l i m i t s  of i n t e g r a t i o n  as 
-u* 
n m  
n f  m r  
-u 
C P ( X ~ ~ Y ~ )  = 2 s s S(u ,v)  G (u ,v )  exp[-2ni(xgu + y3v)]dudv. 
(9) 
T h e  above expres s ion  can  be eva lua ted  f o r  r e c t a n g u l a r  
a p e r t u r e  s i g n a l s  a s  i n d i c a t e d  i n  Appendix D. U s e  of 
Equation D-2 w a s  made t o  c a l c u l a t e  v a r i o u s  output  cor- 
r e l a t i o n  d i s t r i b u t i o n s .  The one-dimensional l i g h t  i n t e n -  
s i t y  d i s t r i b u t i o n  f o r  t h e  wideband f i l t e r  is shown i n  
F igu re  5 ,  corresponding  t o  y 3  = 0. I t  is seen  i n  t h i s  
f i g u r e  t h a t  t h e  peak a u t o - c o r r e l a t i o n  i n t e n s i t y  e q u a l s  
t ha t  fo r  c r o s s - c o r r e l a t i o n  w i t h  a l a r g e r  a p e r t u r e .  One-di- 
mensional cu rves  cor responding  t o  x = 0 would be s imilar  
t o  t h e  a u t o - c o r r e l a t i o n  curve  except  f o r  a s imple  scale 
cha.nge . 
3 
Cut o f f  f r e q u e n c i e s  f o r  t h e  bandl imi ted  cases w e r e  
estimated f r o m  s e v e r a l  f i l ters  which w e r e  recorded for  
exper imenta l  purposes .  A t y p i c a l  l o w  pass case is shown 
i n  F i g u r e  6.  These cu rves  demonst ra te  t h e  f ac t  t h a t  
t y p i c a l  upper c u t  off  f r e q u e n c i e s  are s u f f i c i e n t l y  h igh  
t o  be cons idered  i n f i n i t e ,  s i n c e  the cu rves  of F igu re  6 
are almost i d e n t i c a l  t o  t h o s e  of the wideband f i l t e r  
shown i n  F igu re  5 .  Therefore, t h e  assumed bandl imi ted  
matched f i l t e r  model can  be cons idered  t o  be simply a high 
pass  f i l t e r  model, a t  least i n  t h e  absence of n o i s e .  
For t h e  h igh  pass f i l t e r  case, c o r r e l a t i o n  i n t e n s i t y  
cu rves  are  shown i n  F igu re  7 and 8, The l o w  f requency 
c u t  o f f s  correspond t o  the  first and t h i r d  zeros r e s p e c t -  
i v e l y  of t h e  s i n c  f u n c t i o n  shown i n  F igu re  4. In  these 
15 
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f i g u r e s ,  it is noted t h a t  t he  ou tpu t  l i g h t  d i s t r i b u t i o n  
is s i g n i f i c a n t l y  altered a s  a r e s u l t  of bandl imi t ing .  
E s p e c i a l l y  n o t a b l e  is t h e  fac t  t h a t  more t h a n  one 'tspot" 
of l i g h t  may be observed i n  t h e  ou tpu t  p l ane .  
Concerning the  f i l t e r  s e l e c t i v i t y  a s  a func t ion  of 
band l imi t ing ,  it is seen  tha t  t he  d i f f e r e n c e  i n  t h e  v a l u e s  
of c o r r e l a t i o n  i n t e n s i t i e s  (measured a long  t h e  o r d i n a t e s  
of F i g u r e s  5, 7 and 8) between a u t o - c o r r e l a t i o n  and cross- 
c o r r e l a t i o n  i n c r e a s e s  a s  t h e  l o w e r  c u t  off  f r equenc ie s  
i n c r e a s e .  A more complete set of data on f i l t e r  s e l e c t i v i t y  
is p resen ted  i n  F i g u r e  9,normalized t o  u n i t y  t o  emphasize 
t h e  r e l a t i v e  s e l e c t i v i t y  of t h e  f i l t e rs .  The s e l e c t i v i t y  
cu rves  i n  t h i s  f i g u r e  w e r e  ob ta ined  f r o m  Equation D-2,  
r e p r e s e n t i n g  a wideband f i l t e r  and f i l t e r s  w i t h  l o w  f requency 
c u t  o f f s  cor responding  t o  t h e  first and t h i r d  z e r o s  of t h e  
s i n c  f u n c t i o n  shown i n  F igu re  4 .  The g e n e r a l  characteris- 
t ics  of t h e  s e l e c t i v i t y  cu rves  show t h a t  s e l e c t i v i t y  is 
improved as  t h e  lower c u t  off f requency i n c r e a s e s ;  however, 
f o r  t h e  t w o  bandl imi ted  cases, t h e  s e l e c t i v i t y  cu rves  are 
n o t  monotonical ly  dec reas ing  cu rves  about  t h e  po in t  a/ar = 1, 
These r e s u l t s  i n d i c a t e  t h a t  t h e  p rocess  employed here t o  
enhance matched f i l t e r  s e l e c t i v i t y  is no t  as s t r a i g h t  for-  
ward a s  it i n i t i a l l y  appeared t o  be. An exp lana t ion  of 




fact  t ha t  c o r r e l a t i o n  under h igh  pass c o n d i t i o n s  a c t u a l l y  
c o n s i s t s  of a comparison of t h e  edges of t h e  r e c t a n g u l a r  
a p e r t u r e s  involved.  T h i s  is i l l u s t r a t e d  i n  F igu re  10 
where the  r e c o n s t r u c t i o n  of a F o u r i e r  t ransform hologram 
(matched f i l t e r )  is shown. The absence of low frequency 
informat ion  due t o  f i l m  s a t u r a t i o n  is noted here. Fur the r -  
more, t h e  edges are  not  sharp as  demonstrated i n  F igu re  11 
fo r  a bandl imi ted  s t r a i g h t  edge (e.g. ,  one s i d e  of a rectangu-  
lar  a p e r t u r e )  
a complex f u n c t i o n  of a p e r t u r e  dimensions and c u t  off  fre- 
quency, as p r e d i c t e d  by Equat ions D-2 and D - 3 .  
Thus, 10 (0,O) l 2  f o r  c r o s s c o r r e l a t i o n  becomes 
Experimental  I n v e s t i g a t i o n  of Bandlimited Matched F i l t e r s  
The a n a l y t i c a l  r e s u l t s  of t h e  previous  s e c t i o n  show 
t h a t  matched f i l t e r  o p e r a t i o n  is a f u n c t i o n  of i ts  bandpass 
characterist ics.  I t  w a s  shown t h a t  t h e  ou tpu t  l i g h t  d i s t r i -  
bu t ion  is s i g n i f i c a n t l y  altered as a r e s u l t  of band l imi t ing ,  
w h i l e  f i l t e r  s e l e c t i v i t y  g e n e r a l l y  improves as t h e  lower c u t  
off f requency is inc reased .  I t  w a s  assumed t h a t  t he  upper 
c u t  off  f requency is t y p i c a l l y  h igh  enough t o  be cons idered  
i n f i n i t e ,  F u r t h e r ,  it w a s  observed t h a t  l i t t l e  change takes 
p l a c e  i n  t he  l i g h t  d i s t r i b u t i o n s  for  normalized lower c u t  
off  f r e q u e n c i e s  greater t h a n  u n i t y ,  T o  lend suppor t  t o  t h e  
theoretical  r e s u l t s ,  s e v e r a l  experiments  were carried ou t  
t o  d e t e r m i n e  t h e  effects of band l imi t ing  upon matched f i l t e r  
o p e r a t  i on  e 
23 
24 
age of a straight edge. Figure l a ,  an 
25 
The g e n e r a l  steps carried out  i n  t h e  f i l t e r  formation 
and c o r r e l a t i o n  processes w e r e  s imi l a r  t o  those d i scussed  
i n  Appendix A .  The except ion  t o  t h i s  s t a t emen t  is tha t  t he  
s i g n a l  l i g h t  component w a s  made s u f f i c i e n t l y  large t o  over- 
expose t h e  f i l m  (matched f i l t e r  r e c o r d i n g  medium) i n  t h e  
l o w  f requency r eg ion ;  t h u s ,  t he  r e s u l t i n g  matched f i l t e r  w a s  
a high p a s s  d e v i c e .  Aspects of f i l m  exposure and p rocess ing  
w i l l  be d i scussed  i n  Chapter 111,  where it  w i l l  be shown 
t h a t  a s i g n a l  t o  r e f e r e n c e  component r a t i o ,  S / R ,  e q u a l  t o  or 
greater than  approximately 1.6 can c a u s e  f i l m  s a t u r a t i o n .  
Experimental  r e s u l t s  of band l imi t ing  are i l l u s t r a t e d  i n  
F igu re  12. The f i l t e r  from which these data were obta ined  
w a s  a h igh  S/R f i l t e r ,  w i t h  an  estimated lower c u t  off 
f requency cor responding  t o  t h e  first zero of the  s i n c  func- 
t i o n  of F igu re  4. Mul t ip l e  "spots"  are seen  t o  appear  i n  
each d i s t r i b u t i o n  of F igu re  12 ,  as  t h e  theo ry  p r e d i c t s .  
These p o i n t s  of h i g h  i n t e n s i t y  are ve ry  u s e f u l  when q u a l i -  
t a t i v e  r e s u l t s  are desired (see F igures  7 and 8). 
A closed c i r c u i t  TV s y s t e m ,  as  descr ibed i n  Appendix C,  
w a s  a l s o  used t o  o b t a i n  i n t e n s i t y  r e c o r d i n g s  f o r  c o r r e l a t i o n  
o u t p u t s .  The TV camera w a s  p l aced  such t h a t  t h e  photosens i -  
t i v e  area of t h e  Vidicon w a s  located i n  t h e  ou tpu t  p l ane .  A 
s i n g l e  l i n e  s c a n ,  pas s ing  through t h e  c e n t e r  of the  ou tpu t  
l i g h t  d i s t r i b u t i o n ,  w a s  observed v i a  an oscil loscope. F igu re  13 
i l l u s t r a t e s  t h i s  t y p e  of v i s u a l  r eadou t .  The t w o  traces i n  t h i s  
* 
f i g u r e  correspond t o  t h e  a u t o c o r r e l a t i o n  and a c r o s s c o r r e l a t i o n  
26 
- ~~ 
Autocorrelation with  a=lm: b=3m 
. 
Crosscoxrelation with as2mm; bL3m 
( c )  Crosscorrelation wi : b=6m 
27 
e l a t i o n  w i t h  a=lmm; b=3m 
) Crosscor 
n i n t e n s i t y  co 
28 
of F igu re  12,  Comparison of t h e  r e l a t i v e  i n t e n s i t i e s  of 
these t w o  traces w i t h  t h e  theoret ical  data shows good 
agreement e 
An experiment w a s  conducted i n  a n  e f for t  t o  lend suppor t  
t o  t h e  matched f i l t e r  s e l e c t i v i t y  characterist ics which t h e  
f i l t e r  model p r e d i c t s .  However, it is d i f f i c u l t  t o  o b t a i n  
a prescribed lower c u t  off  f requency expe r imen ta l ly ,  p r i -  
mar i ly  due t o  t h e  fact  t h a t  t h e  lower c u t  off  f requency is 
not  w e l l  de f ined .  An approximate r e l a t i o n  between c u t  off  
and S/R is developed i n  t h e  next  c h a p t e r .  Never the less ,  de- 
s i red v a l u e s  of cu t -of f  can be approximated. S e l e c t i v i t y  
data  w e r e  ob ta ined  v i a  t h e  TV l i n e  scanner  for  f i l ters  made 
w i t h  a w i d e  range  of S/R v a l u e s .  These data are p resen ted  
i n  F igu re  14. 
Experimental  r e s u l t s  ob ta ined  i n  the  s tudy  of band-lim- 
i t e d  matched f i l t e r  o p e r a t i o n  is i n  g e n e r a l  agreement w i t h  
t h e  t h e o r y .  Theory and experiment i n d i c a t e  l i t t l e  change i n  
f i l t e r  operat ion when t h e  l o w e r  c u t  off f requency exceeds 
t h e  normalized v a l u e  of u n i t y .  The bandl imited ou tpu t  l i g h t  
d i s t r i b u t i o n s  c o n t a i n  ! r spots7r  of l i g h t  which are  u s e f u l  i n  
a t tempts  t o  characterize an  unknown s i g n a l .  I n  a d d i t i o n ,  
band l imi t ing  can be employed t o  improve f i l t e r  s e l e c t i v i t y  
when needed. 
Although t h e  r e s u l t s  ob ta ined  i n  t h e  s t u d y  of t h e  
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pass  c h a r a c t e r i s t i c s  are p e c u l i a r  t o  r e c t a n g u l a r  a p e r t u r e  
t y p e  s i g n a l  formats  s e v e r a l  g e n e r a l  conclus ions  may be 
drawn. The ou tpu t  c o r r e l a t i o n  l i g h t  d i s t r i b u t i o n s  are s i g -  
n i f  i c a n t  l y  al tered by bandl imi t  i n g ,  and t h e  s e l e c t i v i t y  of 
matched f i l t e r s  can be improved by means of high p a s s  f i l ter-  
i n g .  Both  of these effects are  d i r e c t l y  a t t r i b u t e d  t o  t h e  
fact  t h a t  cor re la t ion  is t a k i n g  p l a c e  between t h e  r e s p e c t i v e  
a p e r t u r e  edges a s  opposed t o  t h e  t o t a l  a p e r t u r e  areas. 
F i n a l l y ,  it should be poin ted  o u t  t h a t  s e l e c t i v i t y  d e s i r e d  
f o r  a p a r t i c u l a r  a p p l i c a t i o n  is a f u n c t i o n  of t he  o b j e c t i v e s  
of t h a t  a p p l i c a t i o n  a 
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CHAPTER 111 
SOME ASPECTS OF FILM CHARACTERISTICS AND PROCESSING 
RELEVANT TO MATCHED FILTER OPERATION 
A d i s c u s s i o n  of matched f i l t e r  o p e r a t i o n  as  a f u n c t i o n  
of i ts  handpass characteristics w a s  p re sen ted  i n  t h e  previous  
c h a p t e r .  In  t h i s  c h a p t e r ,  photographic  f i l m  ( t he  medium 
upon which t h e  matched f i l t e r  is recorded) characteristics 
are cons ide red ,  and t h e  non-l inear  effects of t h e  f i l m  as  
they  re la te  t o  t h e  lower s p a t i a l  f requency c u t  off  of band- 
l i m i t e d  matched f i l t e r s  are d i scussed .  In  a d d i t i o n ,  matched 
f i l t e r  d i f f r a c t i o n  e f f i c i e n c y  is cons idered .  Experimental  
r e s u l t s  of s e v e r a l  bleached f i l t e r  experiments  a r e  presented .  
Film Characteristics 
S e v e r a l  photographic  f i l m s  have been popular  cand ida te s  
as  r e c o r d i n g  media for holograms and matched f i l ters .  The 
Agfa-Gevaert 8 E  and 10E series f i l m s  o f f e r  h igh  s e n s i t i v i t y  
around 0.6 microns w i t h  r e s o l u t i o n  i n  excess  of 2000 lines/mm 
(8). These emulsions e x h i b i t  e s s e n t i a l l y  a cons t an t  gamma 
(y = 4 , 3 ) .  P r e s e n t l y ,  8375 and 10E75 are a v a i l a b l e .  Another 
f i l m  t y p e  o f t e n  employed is Kodak 649F s p e c t r o s c o p i c  f i l m ,  
T h i s  f i l m  offers r e s o l u t i o n  i n  excess  of 3000 lines/mm, but  
its s e n s i t i v i t y  is less t h a n  t h e  Agfa-Gevaert t ypes .  Kodak 649F 
has an  approximate gamma range  of 1 t o  3 f o r  development t i m e s  
of 2 t o  10 minutes  i n  Kodak D-19 developer  ( 9 ) ,  
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The experiments  r e p o r t e d  here were carried ou t  u s ing  
Kodak 649F photographic  p l a t e s ,  T h i s  p a r t i c u l a r  f i l m  w a s  
selected because its emulsion t h i c k n e s s  of approximately 
16 microns is d e s i r e d  fo r  b l each ing ,  c o n t r a s t e d  w i t h  t h e  
less t h i c k  emulsion of t he  Agfa-Gevaert t ype  f i l m s ,  One 
method of p r e s e n t i n g  f i l m  characteristics is by way of an 
ampl i tude  v e r s u s  exposure curve .  Such a curve  is shown i n  
F i g u r e  15 (10). The data f o r  t h i s  cu rve  were obta ined  by 
exposing t h e  f i l m  through s t e p  d e n s i t y  wedges w i t h  a He-Ne 
laser. The f i l m  w a s  developed i n  Kodak D-19 developer  f o r  
three minutes  a t  76'F, s topped f o r  30 seconds, f ixed fo r  
three minutes  and washed for 30 minutes .  F igu re  15 shows 
t h a t  the maximum l i n e a r  dynamic range  of t h e  f i l m  is achieved 
when o p e r a t i n g  about  a n  ampli tude t r ansmiss ion  of 0.5. 
A number of matched f i l ters  were exposed f o r  va ry ing  
t i m e s  t o  de te rmine  the  optimum d e n s i t y  range  w i t h  r e s p e c t  
t o  f i l t e r  d i f f r a c t i o n  e f f i c i e n c y .  A f t e r  exposure,  t h e  p la tes  
were developed accord ing  t o  t h e  procedure described above, 
The v a r i o u s  f i l ters  were compared by measuring t h e i r  d i f f r ac -  
t i o n  e f f i c i e n c y  v i a  a p h o t o m u l t i p l i e r  t ube .  D i f f r a c t i o n  
e f f i c i e n c y  is de f ined  here a s  t h e  r a t i o  of t h e  t o t a l  i n t e n s i t y  
i n  t h e  ou tpu t  c o r r e l a t i o n  component t o  t h e  t o t a l  i n t e n s i t y  of 
t h e  l i g h t  i n c i d e n t  upon t h e  f i l t e r ,  Typ ica l  data  ob ta ined  
i n  t h i s  experiment is shown i n  F igu re  16, where d i f f r a c t i o n  
e f f i c i e n c y  is p l o t t e d  v e r s u s  d e n s i t y .  The d e n s i t y  v a l u e s  
were obta ined  by measuring the  d e n s i t y  due t o  r e f e r e n c e  beam 
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Densi ty  
F igu re  16, D i f f r a c t i o n  e f f i c i e n c y  as a f u n c t i o n  of d e n s i t y ,  
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d e n s i t y  r e s u l t i n g  f r o m  exposure by t h e  r e f e r e n c e  and s i g n a l  
beam v a r i e s  across t h e  f i l t e r ,  as  a f u n c t i o n  of t h e  s i g n a l  
spectrum. I t  w a s ,  t h e r e f o r e ,  necessa ry  t o  relate t h e  
components of s i g n a l  and r e f e r e n c e  i n t e n s i t i e s  by a s i g n a l  
t o  r e f e r e n c e  i n t e n s i t y  ra t io ,  S/R.  A series of f i l t e rs  
were made w i t h  s e v e r a l  v a l u e s  of S/R and it w a s  found t h a t  
t h e  d e n s i t y  range  of maximum d i f f r a c t i o n  e f f i c i e n c y  w a s  
0.3 t o  0.5 fo r  each ra t io .  A p l o t  of d i f f r a c t i o n  e f f i c i e n c y  
v e r s u s  S/R is shown i n  F igu re  17. I t  is noted here t h a t  the  
e f f i c i e n c y  is reduced as S/R i n c r e a s e s .  T h i s  is due t o  t h e  
fact  t h a t  higher r a t i o  f i l t e rs  a r e  s a t u r a t e d  i n  t h e  low fre- 
quency r e g i o n  of t h e  f i l t e r  where m o s t  of t h e  s i g n a l  energy 
is concen t r a t ed ;  t h u s ,  much of t h e  l i g h t  is blocked i n  the  
higher  S/R f i l ters .  The higher  S/R f i l t e rs  are non- l inear  
and it w a s  found t h a t  t h e y  produced higher  order ou tpu t  
images. These w e r e  determined t o  c o n t a i n  up t o  15% of the  
energy of the  first diffracted order ( i .e. ,  correlation out -  
pu t  component) for f i l t e rs  w i t h  S/R on the order of 100. 
Bleached Matched F i l t e r  Experiments 
S ince  the  matched f i l t e r  is a c t u a l l y  a F o u r i e r  t r a n s -  
form hologram, t h e  b l each ing  p rocess  which has been a p p l i e d  
t o  holograms w a s  cons ide red .  A b r ie f  d i s c u s s i o n  of b leaching  
theory is p resen ted  i n  Appendix E ,  a long w i t h  s e v e r a l  formulae 
for chemical bleaches. The bleach u s e  i n  t h i s  work w a s  t h e  
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S/R = O,? 
Before b leaching  
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Figure  1'7. D i f f r a c t i o n  e f f i c i e n c y  as  a f u n c t i o n  of S/R. 
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potassium ferr cyan ide  type  d iscussed  i n  Appendix E,  Specif-  
i c a l l y ,  t h e  bleach w a s  composed of e igh t  grams of potassium 
f e r r i c y a n i d e  and seven grams of potassium bromide t o  one 
l i t e r  of d i s t i l l e d  water 
A series of matched f i l ters  w e r e  made w i t h  d e n s i t i e s  
(due t o  r e f e r e n c e  beam exposure on ly )  of approximately 0.4. 
The d i f f r a c t i o n  e f f i c i e n c i e s  were measured, each f i l t e r  w a s  
bleached and t h e  e f f i c i e n c i e s  w e r e  aga in  measured, I t  w a s  
found t h a t  t h e  apparent  optimum bleaching  t i m e  w a s  dependent 
upon t h e  S / R .  Excessive b leaching  of l o w  S/R f i l t e r s ,  fo r  
example, caused t h e  f i l t e r  performance t o  deteriorate. I n  
such  cases, t h e  s e l e c t i v i t y  curve  was found t o  i n c r e a s e  w i t h  
i n c r e a s i n g  va lues  of a * / a ,  making t h e  f i l t e r  less u s e f u l  f o r  
pattern r e c o g n i t i o n  purposes .  I t  is i n t e r e s t i n g  t o  n o t e  here 
t h a t  t h e  model a n a l y s i s  p r e d i c t s  t h i s  t ype  r e s u l t  f o r  a’m’  = 0 
and dm ($ 1. 
The r e s u l t s  of b leaching  t h e  h igher  S/R filters showed 
an improved e f f i c i e n c y ,  depending upon t h e  b leaching  t i m e .  
A p l o t  of d i f f r a c t i o n  e f f i c i e n c y  f o r  unbleached and bleached 
filters is shown i n  F igure  7, Each f i l t e r  here w a s  bleached 
for PO minutes ,  washed f o r  30 minutes ,  r i n s e d  i n  Kodak Photo- 
F lo  f o r  30 seconds and allowed t o  d r y  a t  least  t w o  hours  i n  a 
l abora to ry  environment.  T h e  S/R = 0.7 f i l t e r  was ru ined  a s  
a r e s u l t  of excess ive  bleaching,  w h i l e  t h e  bleached S/R = 2 .1  
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f i l t e r  y i e l d e  a high e f f i c i e n c y  but  its selec 
deteriorated t o  a po in t  where it was no longer 
a t t e r n  r ecogn i t ion  es. The greatest improve- 
ment w a s  no te  for  t h e  S/ 1 and 110 f i  ters, where t h e  
efficiencies are seen  t o  be increased  by a factor of about 
7 .  The s e l e c t i v i t y  of these t w o  f i l t e rs  tended towards t ha t  
of a wideband f i l t e r ,  but  maintained a h igh  degree of select- 
i v i t y .  F igure  18 i l l u s t r a t e s  c r o s s - s e c t i o n a l  a u t o c o r r e l a t i o n  
traces before an a f te r  bleaching.  
From the  foregoing  d i s c u s s i o n ,  it is apparent  t h a t  
b leaching  must be carried out  on a t r i a l  and error basis i n  
order t o  o b t a i n  i m  roved e f f i c i e n c y  w h i l e  main ta in ing  s u f f i -  
c i e n t  s e l e c t i v i t y  f o r  a p a r t i c u l a r  a p p l i c a t i o n .  I t  is apparent  
t ha t  a bleached f i l t e r  e x h i b i t s  bandpass c h a r a c t e r i s t i c s  which 
are a f u n c t i o n  of t h e  S/R v a l u e  and t h e  bleaching t i m e .  I n  
o rde r  t o  main ta in  some degree of s e l e c t i v i t y ,  t h e  f i l t e r  
should not  be bleached u n t i l  i t  is completely t r a n s  
Practical use  of bleached filters appears  feasible when i n a  
qua te  Baser ower is a v a i l a b  e ,  O t h e r w i s e ,  t h e  probleras associ- 
w i t h  ach iev ing  opt imal ly  bleached f i l ters  probably do not  
war ran t  t h e  use  of such. 
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can The c u t  off f requency is t h e  m o s t  u s e f u l  
erat i o n s  wher 
e a s i l y  measure 
off can be measured ( e , g e 9  v i a  micro- 
er) depends on t h e  geometry of the  spectrum. 
ing  a matched f i l t e r  recor w i t h  a d e n s i t y  (due 
to r e f e r e n c e  beam exposure only)  of 0.4, i t  can  be seen  from 
hat a S/R of approximately 1 ,6  w i l l  y i e l d  an 
ransmission of approximately O m l e  Defining t h i s  
e of ampli tude t r ansmiss ion  as t h e  po in t  afiere, c u t  ,off 
Occurs, an  approximate r e l a t i o n  between l o w  f requency c u t  
off and S/R may be g iven  as 
%? 1.6 
R u = m f  
v = n' 
I n  t h i s  expres s ion  S = (Aa9bf)29 where A is t h e  ampli tude 
of l i g h t  i n e i  on t h e  i n p u t  p l ane  dur ing  f i l t e r  forma- 
t i o n ,  The v a l u e s  of u and v which s a t i s f y  the above expres-  
s i o n  are t h e n  t ower c u t o f f  f r equenc ie s .  It should be 
e m  tha t  t h i s  e l a t i o n  is on y a first order aproxi -  
a t  it n e g l e c t s  he effects of ampli tude modulation 
e n s i t y  of t f i l t e r ,  I n  a d d i t i o n  
m t r ansmis  harac te r~s t ics9  f i  
o 9  f r i n g e  fr 
8 of t 
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CHAPTER IV 
APPLICATION OF MATCHED FILTER DETECTION 
TO METEOR TRAILS 
The foregoing  c h a p t e r s  have been concerned w i t h  charac-  
t e r i z a t i o n  and ope ra t ion  of coherent  op t ica l  matched f i l t e r s .  
In t h i s  c h a p t e r ,  a t t e n t i o n  is restricted t o  specific app l i ca -  
t i o n  of matched f i l t e r  systems fo r  meteor t r a i l  d e t e c t i o n .  
Considerat ion is given here t o  r o t a t i o n a l  s e n s i t i v i t y  of 
matched f i l t e rs  employed for meteor t r a i l  d e t e c t i o n  and a l s o  
s i g n a l  c o n t r a s t  requirements  f o r  matched f i l t e r  input  data. 
F i n a l l y ,  r e s u l t s  are presented  which are r e p r e s e n t a t i v e  of t he  
a b i l i t y  of a matched f i l t e r  t o  ddscr imina te  between meteor 
t r a i l s  and stars. 
R o t a t i o n a l  S e n s i t i v i t y  of Matched Fi l ters  
A matched f i l t e r  is a space  i n v a r i a n t  f i l t e r .  That is, 
w i t h i n  t h e  l i m i t a t i o n s  imposed by the  t ransform l e n s e s ,  t r a n s -  
l a t i o n  of t h e  input  s i g n a  s t r a n s l a t i o n  of t h e  co r re s -  
ponding output  by a n  amount p r o p o r t i o n a l  t o  t h a t  of t he  inpu t  
s i g n a l .  However, t h e  o r i e n t a t i o n  of t h e  input  s i g n a l  is 
g e n e r a l l y  c r i t i ca l ,  The f i  ter  is matche t o  a p a r t i c u l a r  
s i g n a l  having a p a r t i c u l a r  o r i e n t a t i o n .  
An experiment w a s  c us ing  ideal  meteor t r a i l  
models t o  determine t h e  a t i o n a l  s e n s i t i v i t y  of matched 
n 
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f i l t e r s  as  a f u n c t i o n  of S/R,  Two f i l ters  were employed, 
having S/R v a l u e s  of approximately 0.5 and 5. I n  each case, 
t h e  s i g n a l  t o  which the  f i l t e r  w a s  matched w a s  p laced  i n  t h e  
inpu t  p l ane  and rotated w h i l e  measuring t h e  peak v a l u e  of 
t h e  c o r r e l a t i o n  i n t e n s i t y ,  )4,(0,0) 1 2 9  w i t h  t h e  te le  
l i n e  scanne r ,  These data a e shown i n  F igu re  l 
f i g u r e  shows tha t  t he  h ighe r  S/R f i l t e r  is more s e n s i t i v e  t o  
r o t a t i o n  of t h e  i n p u t  s i g n a l  (8.5 mm x 6mm r e c t a n g u l a r  
a p e r t u r e )  t han  t h e  Pow r a t io  f i l t e r .  The effect of r o t a t i o n  
i n  t h e  inpu t  p l a n e  (and i n  t h e  f i l t e r  p lane )  is t o  smear t h e  
output  l i g h t  d i s t r i b u t i o n ,  thereby dec reas ing  t h e  peak ou tpu t  
i n t e n s i t y .  
One of t h e  m o s t  important  factors a f f e c t i n g  t h e  o p e r a t i o n  
of matched f i l t e r  s y s t e m s  is tha t  of t h e  c o n t r a s t  between t h e  
inpu t  s i g n a l  and t h e  s i g n a l  background, Here c o n t r a s t  is de- 
f i n e d  a s  the  r a t i o  of t h e  l i g h t  i n t e n s i t y  t r a n s m i t t e d  by the  
e c t a n g u l a r  a p e r t u r e )  t o  t h a t  t r a n s m i t t e  by t h e  back- 
ground. The effect of s i g n a l  contnoas t o  a l ter  t h e  o u t  
peak c o r r e l a t i o n  i n t e n s i t y ,  t h e  etectable ou tpu t  quan 
and i n  a d d i t i o n ,  t h e  l i g h t  t r a n s m i t t e d  by t h e  inpu t  s i g n a l  
a r t i a l l y  d i f f rac te  n t o  t h e  backgaoun 
ne.  Thus, an  o u t  as t  can  be e f i n e d  as  t h e  
r a t i o  of t h e  peak corm a t i o n  i n t e n s i t y  t o  t h e  averag  
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Rota t ion  of i n p u t  p l a n e  (degrees)  
F igure  19. E f f e c t s  of i npu t  p l a n e  r o t a t i o n  upon ou tpu t  
r e l a t i o n  i n t e n s i t y  ., 
(a)  Output wi thh igh  transmission background i n  input plane, 
X 4  magnif icat ion.  
(b) Output wi th  l o w  transmission background i n  input p laner  
X 4  magnif icat ion . 
Figure 20. I l l u s t r a t i o n  of input plane’backgsound trans- 
. mission effects upon output light d i s t r i b u t i o n .  
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c o r r e l a t i o n  ou tpu t  corresponding t o  a ve ry  h igh  inpu t  
c o n t r a s t  as compared t o  an  output  cor responding  t o  a l o w  
c o n t r a s t  i n p u t  (one whose background is not  opaque),  The 
c o r r e l a t i o n  i n t e n s i t y  d i s t r i b u t i o n s  i n  t h i s  f i g u r e  are fo r  
r e c t a n g u l a r  a p e r t u r e  inpu t  s i g n a l s  and a matched f i l ter  
made w i t h  a s i g n a l  t o  r e f e r e n c e  r a t i o  of approximately 0,5, 
A set of f i x e d  dimension r e c t a n g u l a r  a p e r t u r e  i n p u t  s ig-  
n a l s  (a = a' = 0,5mm, b = b' = 6mm) were recorded on photo- 
graphic plates w i t h  va ry ing  c o n t r a s t s .  These s i g n a l s  w e r e  
t hen  applied t o  a matched f i l t e r  and t h e  o u t p u t s  w e r e  measured. 
Two cases were cons ide red .  F i r s t  t h e  i n p u t  background d e n s i t y  
w a s  v a r i e d  w h i l e  t h e  a p e r t u r e  area w a s  made n e a r l y  t r a n s p a r e n t .  
These data appear  i n  F igu re  21, i n d i c a t i n g  detectable o u t p u t s  
fo r  i n p u t  c o n t r a s t  v a l u e s  of approximately 2 (see F igure  20).  
The second case c o n s i s t e d  of a fixed i n p u t  background d e n s i t y  
(D 2), and t h e  a p e r t u r e  d e n s i t i e s  were v a r i e d .  The data 
r e s u l t i n g  from t h i s  experiment are p resen ted  i n  F igu re  22, 
where it is seen  t h a t  t h e  peak c o r r e l a t i o n  i n t e n s i t y  var ies  
i n  p r o p o r t i o n  t o  t h e  t r ansmiss ion  of t h e  i n p u t  a p e r t u r e s .  I t  
should  be po in ted  o u t  here tha t  t he  minimum detectable ou tpu t  
is a f u n c t i o n  of i n p u t  and system in t roduced  n o i s e .  
Star P a t t e r n  Re jec t ion  
U n t i l  t h i s  p o i n t ,  much has been s a i d  concerning ma 
f i l t e r  s e l e c t i v i t y  or t h e  a b i  i t y  of a f i l t e r  t o  d i s c r i m i n a t e  
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I n t e n s i t y  t r a n s m i s s  ion  of r e c t a n g u l a r  a p e r t u r e  inpu t  
I n t e n s i t y  t r ansmiss ion  of i n p u t  p l ane  background 
F igure  21. Output p l a n e  c o n t r a s t  as  a f u n c t i o n  of inpu t  
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I n t e n s i t y  t r ansmiss ion  of r e c t a n g u l a r  a p e r t u r e  i n p u t  
F igu re  22. Output c o r r e l a t i o n  i n t e n s i t y  as a func t ion  of 
input  r e c t a n g u l a r  a p e r t u r e  t r ansmiss ion ,  
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matched f i l t e r .  In  t h e  case where s ta r  p a t t e r n s  (modelled 
here by a c d r c u l a r  a p e r t u r e )  are compared i n  a c o r r e l a t i o n  
a n a l y s i s  w i t h  meteor t r a i l s  ( r e c t a n g u l a r  a p e r t u r e ) ,  ve ry  
l i t t l e  s i m i l a r i t y  e x i s t s .  T h e  s ta r  images ( i e e e 9  the  
s t a r  images as they  appear  on f i l m )  may va ry  from t i n y  specks 
t o  l i g h t  d i s t r i b u t i o n s  which are r e l a t i v e l y  much larger ,  An 
example of a photograph of a n i g h t  s k y  is shown i n  F igu re  23, 
i l l u s t r a t i n g  t h e  v a r i a t i o n  i n  the  s izes  of stars a s  s e e n  by 
an o p t i c a l  data p rocesso r .  Dimensions of t y p i c a l  meteor 
t r a i l s  would appear  t o  t h e  data processor as  having w i d t h s  
of t h e  order of s ta r  diameters, bu t  t h e  meteor t r a i l  l e n g t h s  
would appear  r e l a t i v e l y  long compared w i t h  s ta r  diameters, 
Hence, because t h e  two s i g n a l  formats  are d i s s i m i l a r ,  a 
matched f i l t e r  should  provide  a high degree of d i s c r i m i n a t i o n  
between t h e  t w o .  
T h e  worse case w i t h  regard t o  d e t e c t i o n  of meteor t r a i l s  
from a s t a r  background is when large s ta r  p a t t e r n s  e x i s t ,  
F igu re  24 i l l u s t r a t e s  a r e c t a n g u l a r  a p e r t u r e  a u t o c o r r e l a t i o n  
and a r e c t a n g u l a r  a p e r t u r e  crosscorrelated w i t h  a c i r c u l a r  
a p e r t u r e .  These r e s u l t s  show t h a t  t h e  t w o  l i g h t  d i s t r i b u t i o n s  
are e a s i l y  d i s c e r n i b l e .  The effect  of va ry ing  t h e  s ize  of t h e  
c i r c u l a r  a p e r t u r e  is i l l u s t r a t e d  i n  F igu re  25, which v e r i f i e s  
t h a t  t h e  larger s t a r  p a t t e r n s ,  having t h e  greater e n e r g i e s  
associated w i t h  them, produce t h e  larger output  i n t e n s i t i e s ,  
The r e s u l t s  p re sen ted  here are be l i eved  t o  be r e p r e s e n t a -  
t i v e  of t h e  p r a c t i c a l  problem associated w i t h  meteor t r a i l  
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Figure 23. Illustration of star patterns. 
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(a) Theoretical curves of rectangular aperture autocorrelation 
and crosscorrelation between a rectangular and circular 
aperture of diameter p a  
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d e t e c t i o n  by means of matched f i l t e r i n g  techniques .  
F u r t h e r  i n v e s t i g a t i o n  i n  t h i s  area should  inc lude  s imilar  
exper imenta t ion  w i t h  t h e  a c t u a l  data t r a n s p a r e n c i e s .  
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CHAPTER V 
AN OPTICAL DATA PROCESSOR FOR DETECTION AND 
STUDY OF METEOR TRAILS 
The matched f i l t e r  has  been s t u d i e d  i n  cons ide rab le  
d e t a i l ,  i nc lud ing  v a r i o u s  a s p e c t s  of s e l e c t i v i t y  o r  rejec- 
t i o n  c h a r a c t e r i s t i c s ,  t echniques  f o r  achiev ing  r e l a t i v e l y  
good f i l t e r  d i f f r a c t i o n  e f f i c i e n c i e s  and requirements  f o r  
inpu t  s i g n a l  c o n t r a s t .  The r e s u l t s  of t h e s e  e f f o r t s  w i l l  
appear i n  t h i s  chap te r  i n  t h e  form of s p e c i f i c a t i o n s  and 
des ign  of an o p t i c a l  d a t a  p rocess ing  system f o r  d e t e c t i o n  
and s t u d y  of meteor t r a i l s .  I t  is assumed t h a t  meteor 
t r a i l  informat ion  can  be made a v a i l a b l e  t o  t h e  data p rocesso r  
by means of photographic  f i l m  p o s i t i v e  t r a n s p a r e n c i e s .  
O p t i c a l  Conf igura t ion  
A s p h e r i c a l  wave matched f i l t e r  o p t i c a l  correlator 
c o n f i g u r a t i o n  is shown i n  F igure  26 and an a n a l y s i s  of t h i s  
system is presented  i n  Appendix B. Such a system is a 
p r a c t i c a l l y  u s e f u l  one i n  t h a t  i t  provides  a t ransform p lane  
s c a l i n g  c a p a b i l i t y ,  given by Equation B-2 as l /hd.  Hence, 
s i g n a l  dimensions can be s c a l e d  ( p r a c t i c a l l y ,  s c a l i n g  is 
accomplished by t h e  parameter d )  such t h a t  t hey  match t h e  
f i l t e r  even though -the f i l t e r  might have been made f o r  a 
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s i n g l e  f i l t e r  c a n  be employed t o  detect meteor t r a i l s  
which va ry  i n  s ize  by changing t h e  p o s i t i o n  of t h e  l e n s  
L1 r e l a t i v e  t o  t h e  f i l t e r  p lane .  
Add i t iona l  p r a c t i c a l  advantages are a l so  offered by 
t h e  s p h e r i c a l  wave correlator ,  Lenses are a major sou rce  
of n o i s e  i n  an  o p t i c a l  system, A l e n s  w i l l  ampli tude and 
phase modulate an  o the rwise  uniform l i g h t  beam by means 
of p i t s ,  scratches, non-uniform c o a t i n g s  and etc. which 
a r e  p r o p e r t i e s  of m o s t  l e n s e s .  The s p h e r i c a l  wave c o r r e l a t o r  
d e s i g n  of F igure  26 u t i l i z e s  on ly  two l e n s e s ;  t h u s ,  effects 
of l e n s  n o i s e  are reduced,  i n  a d d i t i o n  t o  a r educ t ion  i n  
costs of high q u a l i t y  l e n s e s .  With r e f e r e n c e  t o  t h e  f i r s t  
t ransform o p e r a t i o n  ( t h a t  due t o  L1), effects of l e n s  aber -  
r a t i o n s  are reduced because t h i s  c o n f i g u r a t i o n  a l lows  l e n s  
ope ra t ion  t o  be restricted n e a r  t h e  o p t i c a l  axis  (compare 
t h i s  t o  t h e  c o n f i g u r a t i o n  of F igu re  A - 1 ) .  
Besides  t h e  t ransform p lane  scale f ac to r ,  a n  output  
p l ane  s c a l i n g  f a c t o r  e x i s t s ,  a s  given by Equation B-9. T h i s  
factor g i v e s  t h e  r e l a t i o n  between t h e  output  l i g h t  d i s t r i b u -  
t i o n  and t h e  t r u e  d i s t r i b u t i o n  i n  cases where measurement 
of output  d i s t r i b u t i o n s  are r e q u i r e d .  
A l i m i t a t i o n  of t h e  s p h e r i c a l  wave c o n f i g u r a t i o n  l i e s  
i n  t h e  f ac t  t h a t  t h e  l i m i t i n g  a p e r t u r e  i n  t h e  input  p l ane  
v a r i e s  w i t h  t h e  d i s t a n c e  d ,  A related factor is t h a t  t h e  
input  p l ane  i l l u m i n a t i n g  i n t e n s i t y  a l so  v a r i e s  w i t h  d ,  I t  
56 
is t h u s  necessary  t o  des ign  t h e  s y s t e m  such tha t  t h e  beam 
diameter, i npu t  s i g n a l  format and des i r ed  s c a l i n g  range  are  
compatible .  I t  should a l so  be noted t h a t  t h e  output  p l a n e  
p o s i t i o n  is related t o  t h e  t r ans fo rm p l a n e  scale factor  by 
Equation B-11 
I n  a d d i t i o n  t o  the basic components shown or implied 
by F igu re  26, a c c e s s o r i e s  such as t r a n s l a t i o n  stages,  l i q u i d  
gates and a bench mounted microscope are desirable. A 
micropos i t i on  xy t r a n s l a t i o n  s tage,  on which t h e  matched 
f i l t e r  is mounted, and a bench mounted ( w i t h  xyz p o s i t i o n i n g  
c a p a b i l i t y )  microscope are u s e f u l  i n  achiev ing  t h e  c r i t i c a l  
al ignment  of t h e  f i l t e r .  Liquid g a t e s  fo r  t h e  inpu t  and 
f i l t e r  t r a n s p a r e n c i e s  w i l l  produce a more i n t e n s e ,  s h a r p l y  
focused l i g h t  d i s t r i b u t i o n  i n  t he  ou tpu t  p l ane  by making t h e  
f i l t e r  o p e r a t i o n  less s u s c e p t i b l e  t o  phase s h i f t s  caused by 
v a r i a t i o n s  i n  f i l m  emulsion t h i c k n e s s .  The l i q u i d  gates are 
f i l l e d  w i t h  a matching f l u i d  which matches t h e  index of refrac- 
t i o n  of t h e  f l u i d  t o  t h e  emulsion, and should be employed i n  
matched f i l t e r  format ion  a s  w e l l  as t he  data  process ing  s t e p .  
Data Input  Cons ide ra t ions  
I t  is assumed t h a t  meteor t r a i l  in format ion  would be 
in t roduced  i n t o  t h e  d a t a  p rocess ing  system by way of photo- 
g raph ic  f i l m  p o s i t i v e  t r a n s p a r e n c i e s ,  The t r a n s p a r e n c i e s  
could be i n  t h e  form of a f i l m  r o l l  which is f e d  through t h e  
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i npu t  p l a n e  (using a l i q u i d  gate  p r e f e r a b l y )  frame by 
frame. A s  p rev ious ly  d i scussed ,  t h e  matched f i l t e r  is 
s e n s i t i v e  t o  r o t a t i o n a l  p o s i t i o n ;  therefore, either the  
inpu t  p l ane  or t h e  f i l t e r  p l ane  must be rotated t o  accom- 
modate t r a i l s  w i t h  d i f f e r i n g  o r i e n t a t i o n .  Reca l l ing  t h a t  
t h e  matched f i l t e r  is s h i f t - i n v a r i a n t ,  it would be pract i -  
c a l l y  easier t o  ro ta te  t h e  inpu t  p lane .  Ro ta t ion  of t h e  
f i l t e r  i tself  p re sen t s  a mechanical  des ign  problem i n  tha t  
f i l t e r  alignment is c r i t i ca l .  Ro ta t ion  would occur f o r  
each frame p resen t  i n  t h e  i n p u t .  Preferred meteor t r a i l  
o r i e n t a t i o n  or p o s s i b l e  meteor t r a i l  symmetry would reduce  
t h e  r e q u i r e d  amount of r o t a t i o n  t o  180" or less. However, 
cont inuous r o t a t i o n  a t  a moderate ra te  is probably d e s i r a b l e  
from a des ign  viewpoint.,  
R e s u l t s  of t he  cont ras t  s t u d i e s  of Chapter I V  show 
tha t  i npu t  p l ane  c o n t r a s t  has s i g n i f i c a n t  affect  on d e t e c t i o n  
i n  t h e  ou tpu t  p l ane .  The  lower l i m i t  on c o n t r a s t  is depen- 
dent  upon t h e  methods employed i n  d e t e c t i o n  and r eadou t .  
Experience w i t h  a TV t y p e  detector and v ideo  readout  i n d i c a t e  
t ha t  an inpu t  p l ane  c o n t r a s t  v a l u e  of approximately 2 is 
detectable, Add i t iona l  work is r e q u i r e d  t o  determine charac- 
t e r i s t ics  of r e p r e s e n t a t i v e  meteor t r a i l  data ,  i n c l u d i n g  
op t imiza t ion  of meteor t r a i l  record ing  processes, 
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The Matched F i l t e r  
Based upon r e s u l t s  of t h e  matched f i l t e r  s t u d i e s ,  t w o  
possible  approaches can be t aken  t o  t h e  meteor t r a i l  detec- 
t i o n  problem. F i r s t ,  the  presence  of a meteor t r a i l  i n  a 
p a r t i c u l a r  frame can be detected w i t h  a r e l a t i v e l y  l o w  
S/R f i l t e r  (S/R 2 ) ,  assuming adequate  inpu t  p l ane  con- 
t r a s t .  The l o w  S/R f i l t e r  is sugges ted  here because of its 
r e l a t i v e l y  large ou tpu t  d i s t r i b u t i o n  ( p h y s i c a l  dimensions) ,  
t h e  fac t  t h a t  such a f i l t e r  e x h i b i t s  modest s e l e c t i v i t y  
characterist ics f o r  s i m i l a r  s i g n a l s  and its r e l a t i v e l y  good 
d i f f r a c t i o n  e f f i c i e n c y .  
A f t e r  a meteor t r a i l  has  been determined t o  exis t  i n  a 
p a r t i c u l a r  frame, t h a t  frame can be re-processed a t  a later 
t i m e  w i t h  a h ighe r  S/R f i l t e r  (S/R - 30, or less) t o  deter- 
mine more de t a i l ed  p r o p e r t i e s  of t h e  meteor t r a i l .  U s e  of 
a higher  S/R f i l t e r  produces i n t e n s e  l lspotsfl  a t  each  end 
of t h e  c o r r e l a t i o n  f u n c t i o n  and  a t  t h e  c e n t e r  (see F igure  S ) ,  
which al lows de te rmina t ion  of t h e  l e n g t h  of t h e  t r a i l  r e l a t i v e  
t o  t h a t  f o r  which t h e  f i l t e r  is matched. Also, i n  t h i s  s t e p ,  
t h e  v a l u e  of t h e  output  i n t e n s i t y  can be measured and c o m -  
pared w i t h  t h a t  of meteor t r a i l s  w i t h  known properties. 
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A second approach is t o  employ a r e l a t i v e l y  h igh  r a t i o  
f i l t e r  t o  detect and obta in  detai led informat ion  concerning 
t h e  properties of t h e  detected meteor t r a i l .  In  t h i s  case, 
i t  would probably be necessary  t o  run  the  data s e v e r a l  t i m e s  
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because t h e  h ighe r  S/R f i l t e r s  are more s e l e c t i v e  and they  
w i l l  reject  many meteor t r a i l s  which a r e  longer  or shorter 
t h a n  t h a t  t o  which t h e  f i l t e r  is matched. 
Output Detec t ion  and Readout 
Detec t ion  of a c o r r e l a t i o n  i n t e n s i t y  d i s t r i b u t i o n  i n  
the  output  p l ane  which r e s u l t s  f r o m  t h e  presence  of a meteor 
t r a i l  i n  t h e  inpu t  r e q u i r e s  t h a t  t h e  a p p r o p r i a t e  p o r t i o n  of 
t h e  ou tpu t  p l ane  be searched (see Appendix A ) .  Such a 
search can be carried o u t  w i t h  a scanning pho tomul t ip l i e r  
t u b e  or other such  p h o t o s e n s i t i v e  dev ice .  
Another d e t e c t i o n  scheme u t i l i z e s  a closed c i r c u i t  
t e l e v i s i o n ,  provid ing  a r a p i d  e l e c t r o n i c  search of t h e  ou t -  
put  p l ane  a long  w i t h  v i s u a l  monitor ing c a p a b i l i t y .  A system 
s i m i l a r  t o  t h a t  desc r ibed  i n  Appendix C can be expanded t o  
readout  any d e s i r e d  data from t h e  composite v ideo ,  w i t h i n  
t h e  l i m i t s  t h a t  t h e  s i g n a l  t o  n o i s e  r a t i o  imposes. A l i m i t a t i o n  
of t h e  TV system lies i n  its l i m i t e d  dynamic range.  
The o u t p u t ,  however d e t e c t e d ,  can be related t o  a p a r t i c u -  
l a r  inpu t  frame, and even t o  t h e  o r i e n t a t i o n  producing t h e  ou t -  
p u t .  T h i s  would allow c e r t a i n  frames t o  be re-processed or 
otherwise examined; t h u s ,  d i s c a r d i n g  frames which do not  
c o n t a i n  meteor t r a i l s .  
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CHAPTER V I  
CONCLUSIONS 
The research e f f o r t s  which have been reported upon 
here were directed towards development of coherent  op t i ca l  
t echn iques  appl icable  t o  d e t e c t i o n  and s tudy  of meteor t r a i l s .  
The coherent  o p t i c a l  matched f i l t e r  has been i n v e s t i g a t e d  both 
theore t ica l ly  and expe r imen ta l ly  for u s e  i n  recogniz ing  t h e  
presence  of meteor t r a i l s ,  a s  recorded on photographic f i l m  
p o s i t i v e  t r a n s p a r e n c i e s ,  upon a background of s t a r  images. 
Models of meteor t r a i l s  employed i n  t h i s  work w e r e  long ,  
narrow r e c t a n g u l a r  a p e r t u r e s .  A matched f i l t e r  model w a s  used 
t o  de termine  f i l t e r  s e l e c t i v i t y  and its ou tpu t  l i g h t  d i s t r i b u -  
t i o n  a s  a f u n c t i o n  of t h e  bandpass characterist ics of t h e  
f i l t e r .  I t  w a s  found t h a t  s e l e c t i v i t y  can  be improved by 
b locking  t h e  t r ansmiss ion  of l i g h t  i n  t he  low frequency r e g i o n  
of t h e  f i l t e r .  T h i s  high pass matched f i l t e r  o p e r a t i o n  is 
u s e f u l  when it  is necessary  t o  d i s c r i m i n a t e  between s i m i l a r  
s i g n a l s ;  f o r  example, such  a t echn ique  would have impor tan t  
a p p l i c a t i o n  i n  a t tempts  t o  d i s t i n g u i s h  between meteor t r a i l s  
which only  d i f f e r  i n  l e n g t h .  Another effect  of h igh  pass 
matched f i l t e r  o p e r a t i o n  upon meteor t r a i l s  is t o  provide  
i n t e n s e  f f spo t s f r  of l i g h t  i n  t h e  c o r r e l a t i o n  l i g h t  d i s t r i b u t i o n  
which a i d s  i n  t h e  de t e rmina t ion  of meteor t r a i l  image dimen- 
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s i o n s  v i a  c o r r e l a t i o n  measurements. 
Film p rocess ing  fo r  matched f i l t e r  f o r m a t i o n  w a s  
s t u d i e d ,  Determinat ion of an optimum range  of f i l m  d e n s i t y  
w a s  made w i t h  regard t o  matched f i l t e r  d i f f r a c t i o n  e f f i c i e n c y ,  
In e f f o r t s  t o  improve f i l t e r  d i f f r a c t i o n  e f f i c i e n c i e s ,  a 
b leaching  s t e p  w a s  added t o  the  f i l m  p rocess ing  procedure,  
I t  w a s  found t h a t  t h e  o p e r a t i o n  of bleached f i l t e r s  depends 
upon t h e  s i g n a l  t o  reference l i g h t  component r a t i o  du r ing  
f i l t e r  format ion ,  a s  w e l l  a s ,  t he  t i m e  of b leaching .  These 
two f a c t o r s  determine t h e  s e l e c t i v i t y  of bleached f i l t e r s .  
In g e n e r a l ,  s e l e c t i v i t y  of a bleached f i l t e r  is decreased  as  
compared w i t h  t h a t  of t h e  same unbleached f i l t e r ,  a r e s u l t  
which is expected.  F i n a l l y ,  an approximate r e l a t i o n  w a s  
developed between t h e  c u t  off  f requency of a h igh  pass  matched 
f i l t e r  and t h e  s i g n a l  t o  r e f e r e n c e  component r a t i o  employed i n  
f i l t e r  format ion .  
Various o t h e r  a s p e c t s  of matched f i l t e r  p r o p e r t i e s  were 
cons idered  r e l e v a n t  t o  o p e r a t i o n  of t h e  f i l t e r  i n  meteor t r a i l  
d e t e c t i o n ,  I t  w a s  found t h a t  t h e  meteor t r a i l  o r i e n t a t i o n  re- 
quirements  which allow r e c o g n i t i o n  by a matched f i l t e r  are a 
f u n c t i o n  of t h e  s i g n a l  t o  r e f e r e n c e  component r a t i o ,  That is, 
t h e  h ighe r  v a l u e s  of s i g n a l  t o  r e f e r e n c e  r a t i o  produce a f i l t e r  
which is more s e n s i t i v e  t o  improper o r i e n t a t i o n  of meteor 
t r a i l s  i n  t h e  inpu t  p l ane ,  I t  is necessary  t o  provide  an in -  
put  p l a n e  r o t a t i o n a l  c a p a b i l i t y  i n  o r d e r  t o  accommodate t r a i l s  
w i t h  va ry ing  o r i e n t a t i o n  
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One of t h e  more i m p o r t a n t  c o n s i d e r a t i o n s  w i t h  regard 
t o  a p p l i c a t i o n  of t h e  matched f i l t e r  i n  meteor t r a i l  detec- 
t i o n  is t h a t  i nvo lv ing  t h e  c o n t r a s t  between t h e  meteor t r a i l  
and t h e  inpu t  p l a n e  background. I t  w a s  found t h a t  a p o r t i o n  
of the  l i g h t  t r a n s m i t t e d  by t h e  inpu t  p l a n e  background is 
d i f f r ac t ed  i n t o  t h e  ou tpu t  p l a n e  as  a background f o r  t h e  
c o r r e l a t i o n  i n t e n s i t y .  R e s u l t s  of exper imenta t ion  r e l e v a n t  
t o  t h i s  problem i n d i c a t e  t h a t  an  inpu t  p l a n e  c o n t r a s t  of 
approximately 2 w i l l  y i e l d  a detectable ou tpu t  e However, 
t h i s  is obvious ly  a f u n c t i o n  of t h e  ou tpu t  d e t e c t i o n  scheme, 
Matched f i l t e r s  can be made w i t h  s u f f i c i e n t  s e l e c t i v i t y  
t o  d i s t i n g u i s h  between s i m i l a r  s i g n a l s .  A f i l t e r  which d i s -  
t i n g u i s h e s  between s t a r s  and meteor t r a i l s  r e q u i r e s  ve ry  
modest s e l e c t i v i t y  character is t ics .  A spherical  wave matched 
f i l t e r  correlator Conf igura t ion  w a s  p re sen ted  and analyzed 
which o f f e r s  a frequency p l ane  s c a l i n g  c a p a b i l i t y .  T h i s  
c o n f i g u r a t i o n  is advantageous i n  meteor t r a i l  d e t e c t i o n  
s i n c e  a s i n g l e  matched f i l t e r  can  be.employed t o  detect t h e  
presence  of t r a i l s  of d i f f e r i n g  s izes ,  
An ou tpu t  d e t e c t i o n  technique  which w a s  employed w i t h  
c o n s i d e r a b l e  s u c c e s s  i n  t h i s  r e p o r t e d  work involved u s e  of a 
closed c i r c u i t  t e l e v i s i o n  s y s t e m .  T h i s  system provides  a 
v i s u a l  monitor ,  e x h i b i t i n g  a c a p a b i l i t y  for  r a p i d  search of 
t h e  ou tpu t  p l ane  f o r  r e v e a l i n g  c o r r e l a t i o n  i n t e n s i t y  d i s t r i b u -  
t i o n s ,  E l e c t r o n i c  readout  was effected by e x t r a c t i n g  des i r ed  
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in format ion  from the  composi te  v i d e o  s i g n a l .  
Ac tua l  meteor t r a i l  s i g n a l  formats w e r e  no t  a v a i l a b l e  
f o r  c o n s i d e r a t i o n  d u r i n g  t h e  pe r iod  of t i m e  i n  which t h i s  
research w a s  conducted. A l l  research e f f o r t s  r e p o r t e d  here 
were carried o u t  u s i n g  a r e c t a n g u l a r  a p e r t u r e  as  a meteor 
t r a i l  model ,  T h e  r e s u l t s  of t h i s  work i n d i c a t e  t h a t  matched 
f i l ter .  techn ' iques developed here can  be s u c c e s s f u l l y  employed 
f o r  d e t e c t i o n  and s t u d y  of meteor t r a i l s ;  however, f u r t h e r  
s t u d y  is recommended, u s i n g  a c t u a l  meteor t r a i l  s i g n a l  for-  
m a t s .  S p e c i f i c a l l y ,  a d d i t i o n a l  in format ion  concerning t h e  
character is t ics  of a c t u a l  meteor t r a i l s  is necessary .  In  
t h i s  r e g a r d ,  re f inement  of t he  meteor t r a i l  model is d e s i r a b l e .  
In a d d i t i o n ,  de t e rmina t ion  of c o n t r a s t  requi rements  should  
be made f o r  a c t u a l  i n p u t  s i g n a l  formats.  
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APPENDIX A 
DESCRIPTION AND ANALYSIS OF A 
MATCHED FILTER CORRELATOR 
The system employed by Vander Lugt provides  a means 
by which a complex f i l t e r  can  be made, r eco rd ing  bo th  ampli- 
t ude  and phase informat ion  on a medium respons ive  t o  i n t e n s i t y  
(e .g . ,  photographic  f i l m ) ( 6 ) .  Formation of t h e  matched f i l t e r  
can  be  desc r ibed  w i t h  t h e  a i d  of F i g u r e  A-1 .  Col l imated 
monochromatic l i g h t  is made i n c i d e n t  upon t h e  inpu t  p l ane ,  
which c o n t a i n s  a s i g n a l  t o  which t h e  f i l t e r  is t o  be matched. 
L e t  t h e  inpu t  s i g n a l  be r e p r e s e n t e d  i n  a two-dimensional 
c o o r d i n a t e  system as G(x , y l ) ,  t h e n  t h e  complex l i g h t  ampli-  
t ude  d i s t r i b u t i o n  t r a n s m i t t e d  from t h e  inpu t  p l ane  is propor- 
1 
t i o n a l  t o  G(xl lyl)  and is collected by l e n s  L1” T h i s  l e n s  
p rov ides  a F o u r i e r  t r ans fo rma t ion  of G(xl,yl)  i n  i ts back 
foca l  p l a n e ,  (x2’y2).  The l i g h t  ampli tude d i s t r i b u t i o n  i n  
p l a n e  (x2’y2) is p r o p o r t i o n a l  t o  
1 - x 2  y 2  
i X f l  X f l  X f l  
G [ - 9  -1 - ( A - 1 )  
where t i l d e  denotes  Four i e r  t r ans fo rma t ion .  Here onward, 
x&fl = u and y2/Xfl = v is d e f i n e d .  
I n  a d d i t i o n ,  as shown i n  F igu re  A - 1 ,  a second p o r t i o n  







E h  

















s t r i k i n g  l e n s  Lr which f o c u s s e s  t h i s  l i g h t  a t  t he  object 
p l ane  and it is f i n a l l y  made i n c i d e n t  on t h e  back foca l  
an@ of l e n s  L1 w i t h  an  i n c l i n a t i o n  8 w i t h  respect t o  
t h e  o p t i c  a x i s .  T h i s  beam is  known as the  r e f e r e n c e  beam. 
The t i l t e d  r e f e r e n c e  beam produces a l i g h t  d i s t r i b u t i o n  i n  
t h e  t r ans fo rm p lane  which can be expressed  as ,  
where t he  s p a t i a l  f requency a is given  by 
S in  0 
h 
a =  
and X is the  wavelength of t h e  laser l i g h t .  Now, t h e  t o t a l  
l i g h t  ampl i tude  d i s t r i b u t i o n  i n  p l ane  (x2,y2) can be 
w r i t t e n  as 
The t o t a l  i n t e n s i t y  i n c i d e n t  upon t h e  (x2,y2) p l ane  can 
be obta ined  from Equation A - 3 ,  and t h a t  is 
T o  make a matched f i l t e r ,  a photographic  f i l m  is t o  
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be exposed by p l ac ing  it i n  t h e  (x2,y2) p l a n e ,  t ak ing  n o t e  
t h a t  t h e  f i l m  responds t o  t h e  o p t i c a l  i n t e n s i t y  r a t h e r  
than  t h e  f i e l d  ampl i tude .  ( H e r e ,  i t  is worth not ing  t h a t  
t h e  exposure t i m e  of t h e  f i l m  should  be selected proper ly  
according t o  t h e  requirements  a s  discussed i n  Chapter 1 1 1 . )  
The i n t e n s i t y  t o  which t h e  f i l m  is exposed can be w r i t t e n  
from Equation A - 3  and A - 4  a s  
-y/2 The t r ansmi t t ance  of t h e  f i l m  is p ropor t iona l  t o  I 7 
and by making t h e  s l o p e  of t h e  Hur t e r -Dr i f f i e ld  c u r v e ,  y ,  
equal  minus two ( i . e . ,  a photographic  p o s i t i v e )  t h e  d e s i r e d  
l i n e a r  r e l a t i o n  between s i g n a l  ampli tude dur ing  exposure and 
l i g h t  ampli tude t r ansmi t t ance  of t h e  f i l m  can be achieved .  
In  p r a c t i c e ,  t h e  r e f e r e n c e  l i g h t  ampli tude is made much 
g r e a t e r  than  t h a t  of  t h e  s i g n a l  throughout  t h e  band p a s s  
reg ion  of t h e  f i l t e r  ( s m a l l  s i g n a l  cond i t ions )  t o  y i e l d  an  
ampli tude t r ansmi t t ance  
I*- 
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The binomial  expansion is used t o  o b t a i n  Equation A-6 and 
t e r m s  of h ighe r  o r d e r  t h a n  one are  dropped. The r e s u l t -  
i ng  f i l m  (Four ie r  t r ans fo rm hologram) can be u t i l i z e d  a s  a 
matched f i l t e r  I 
Input Data Process ing  
With t h e  above matched f i l t e r ,  t h e  inpu t  da t a  can be 
processed a s  shown i n  Figure A-2. I n  d a t a  p rocess ing ,  t h e  
r e f e r e n c e  beam is blocked,  t h e  f i l t e r  is placed i n  t h e  back 
f o c a l  p l ane  of l e n s  L1 and an a d d i t i o n a l  l e n s  L2 having a 
f o c a l  l e n g t h  f 2  is in t roduced  t o  t h e  s y s t e m  a s  shown i n  
F igure  A - 1 .  
Consider t h a t  a s i g n a l  format desc r ibed  by S(xl ,yl)  
is  p laced  i n t o  t h e  input  p l ane .  A f i e l d  d i s t r i b u t i o n  pro- 
p o r t i o n a l  t o  S ( u , v )  is i n c i d e n t  upon t h e  matched f i l t e r  as  
,-u 
l e n s  L, p rovides  t h e  Four i e r  t ransform of t h e  s i g n a l  format 
I 
i n  i ts  back f o c a l  
t h e  f i l t e r  can be 
p l ane .  The l i g h t  ampli tude t r a n s m i t t e d  by 
desc r ibed  from Equat ions A - 1  and A-5 a s ,  
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Consider ing t h e  i n d i v i d u a l  t e r m s  of Equation A - 7 ,  t h e  
first two t e r m s  correspond t o  l i g h t  d i s t r i b u t i o n s  cen te red  
on t h e  o p t i c  a x i s  i p  p lane  (x3 ,y3) .  T h e  l a s t  two t e r m s  
correspond t o  l i g h t  d i s t r i b u t i o n s  l o c a t e d  a t  p o s i t i o n s  on  
oppos i t e  sides of t h e  o p t i c  a x i s ,  d i s p l a c e d  accord ing  t o  
C 8 .  Of t h e  l a t t e r  t e r m s ,  t h e  t h i r d  t e r m  r e p r e s e n t s  a con- 
v o l u t i o n  o p e r a t i o n ,  w h i l e  t h e  l a s t  t e r m  is t h e  c o r r e l a t i o n  
o p e r a t i o n  a s  it r e p r e s e n t s  t h e  conjugate  of G(xl ,y l ) .  Here 
onward i n  t h e  a n a l y s i s ,  on ly  t h e  l a s t  t e r m  is  cons idered .  
Lens L2 collects t h e  f i l t e r  t r a n s m i t t e d  l i g h t  corre- 
sponding t o  t h e  l a s t  t e r m  of Equation A - 7 ,  and performs a 
Four i e r  t r ans fo rm on t h i s  ampli tude f u n c t i o n .  The t r a n s -  
formation r e s u l t s  i n  a complex l i g h t  ampl i tude  d i s t r i b u t i o n  
i n  t h e  back f o c a l  p l ane  of l e n s  L2, which can be expressed 
by convolu t ion  n o t a t i o n  ( t ak ing  n o t e  of t h e  reflected co- 
o r d i n a t e s  (x, , y3 ) a s  shown i n  F igure  A - 2 )  and l e t t i n g  
f l  = f 2  = f .  
c o o 3  
CD (x, 7 Y 3  ) a s ( u , v )  g * ( u , v )  exp{-2ni[x3u + (y3-Mhf)v]} dudv 
and a l s o  
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which  is t h e  c r o s s c o r r e l a t i o n  of G and S cen te red  a t  co- 
o r d i n a t e s  (6, -aXf) i n  (x3 ,y3 )  p lane .  
The t e r m  - a X f  $ i n  t h e  argument of t h e  complex expo- 
n e n t i a l  of Equation A-8 ,  and i n  t h e  argument of G* of 
Equation A - 9 ,  s e r v e s  t o  t r a n s l a t e  t h e  ou tpu t  c o r r e l a t i o n  
component l i g h t  d i s t r i b u t i o n  off  -axis S ince  t h i s  t e r m  
does no t  affect  t h e  l i g h t  d i s t r i b u t i o n ,  it is not  included 
i n  t h e  expres s ions  i n  t h e  t e x t ,  nor  i n  f i g u r e s  a n d  diagrams, 
f o r  r easons  of b r e v i t y .  In  p r a c t i c e ,  t h e  v a l u e  of a must 
be s e l e c t e d  such  t h a t  t h e  c o r r e l a t i o n  l i g h t  d i s t r i b u t i o n  does 
not  o v e r l a p  o r  i n t e r f e r e  w i t h  t h e  l i g h t  d i s t r i b u t i o n  e x i s t i n g  
on-axis i n  t h e  ou tpu t  p l a n e  ( 2 ) .  
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APPENDIX B 
A N A L Y S I S  OF THE SPHERICAL WAVE 
MATCHED FILTER CORRELATOR 
The s p h e r i c a l  wave coherent  o p t i c a l  F o u r i e r  t ransform 
c o n f i g u r a t i o n  is a p r a c t i c a l l y  u s e f u l  one i n  t h a t  i t  provides  
a t ransform p l a n e  s c a l i n g  c a p a b i l i t y .  Inco rpora t ing  t h i s  
scheme i n  a matched f i l t e r  correlator as  proposed by Vander 
Lugt (11)offers a d d i t i o n a l  advantages.  The c o n f i g u r a t i o n  as  
dep ic t ed  by F igu re  26 does not  r e q u i r e  a c o l l i m a t i n g  l e n s ;  
t h u s ,  t h e  cost is reduced and a major s o u r c e  of s y s t e m  n o i s e  
is removed. In  a d d i t i o n ,  l e n s  o p e r a t i o n  can  be restricted 
nea r  t h e  op t i c  a x i s  where a b e r r a t i o n s  are minimized. 
I n  t he  a n a l y s i s  t o  fo l low,  t he  s y s t e m  l i m i t i n g  a p e r t u r e s  
are assumed t o  be s u f f i c i e n t l y  large t o  accommodate a l l  i npu t  
s i g n a l  formats of i n t e r e s t .  Thus, w i t h  r e f e r e n c e  t o  F igu re  26, 
it can be shown t h a t  t h e  l i g h t  ampl i tude  d i s t r i b u t i o n  i n c i d e n t  
upon t h e  inpu t  p l a n e  (x19y1) may be expressed  by ( 2 )  
H e r e ,  it is  assumed t h a t  a mopochromatic s o u r c e  of l i g h t  w i t h  
wavelength X is collected by l e n s  L1 which has a focal  l e n g t h  
and k = 2r/ho An inpu t  s i g n a l  format whose ampli tude 
f i 9  
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t r a n s m i t t a n c e  is S(x19y1) is F o u r i e r  t ransformed and mixed 
w i t h  a r e f e r e n c e  l i g h t  ampli tude (A/jXd)exp(-j2nay ) t o  
y i e l d  an ampl i tude  d i s t r i b u t i o n  i n  t h e  (x2,y2) p l ane  given 
by 
2 
k 2 2 e x p [ i  - (x2 + y2 ) ]  1 U 7 X 2 , Y 2 )  = - 
i h d  2d - x2 y2 * C A  exp(- i2.rrayO) + KS(-, -I} 
A d  X d  L 
where a = s i n  6/X and t i l d e  denotes  F o u r i e r  t r ans fo rma t ion .  
The t r ans fo rm p lane  s c a l i n g  f a c t o r ,  1 / X d ,  is noted i n  t h e  
above expres s ion .  A photographic  f i l m  exposed t o  t h e  i n t e n -  
s i t y  cor responding  t o  t h i s  ampl i tude  d i s t r i b u t i o n  is processed 
and r e t u r n e d  t o  t h e  (x2,y2) p l ane  t o  f u n c t i o n  as  a matched 
f i l t e r .  The q u a d r a t i c  phase factor is s e e n  t o  c a n c e l  here 
when i n t e n s i t y  is cons ide red ,  due t o  t h e  l o c a t i o n  of t h e  
r e f e r e n c e  p o i n t  s o u r c e  i n  t h e  input  p l ane .  
Blocking t h e  r e f e r e n c e  l i g h t ,  a new inpu t  s i g n a l  format 
described by G(x19y1) is p laced  i n  t h e  inpu t  p lane .  
ampl i tude  d i s t r i b u t i o n  i n c i d e n t  upon t h e  f i l t e r  becomes 
T h e  l i g h t  
k 2 - x2 y2 - K e x p [ i  - (x2 + y 2 2 ) ~ ~ ( - - ,  -) 
iXd 2d Xd Xd 
T h e  ampl i tude  component t r a n s m i t t e d  by t h e  f i l t e r  which is 
of primary i n t e r e s t  i n  matched f i l t e r  c o r r e l a t i o n  is 
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2 k 2 2 
KA e x p [ i  -(x2 + y2 11  u (X2J2) = - + 
iXd 2d 
x2 y2 ** x 2 y2 . G ( - ?  -)S (-$ -)exp(- i2aay2)  
Ad Xd X d  Xd 
(€3-4) 
and t h e  p r o p o r t i o n a l i t y  cons t an t  associated w i t h  t h e  f i l m  is 
set  t o  u n i t y  fo r  convenience.  
T h e  l e n s  L2 performs a F o u r i e r  t r ans fo rma t ion  upon t h e  
ampli tude d i s t r i b u t i o n  t r a n s m i t t e d  by t h e  f i l t e r .  The  desired 
r e s u l t s  could  be w r i t t e n  immediately except  f o r  t he  presence 
of t h e  m u l t i p l i c a t i v e  q u a d r a t i c  phase fac tor .  Because of 
t h i s  fac tor ,  it is necessary  t o  de te rmine  its affect  upon 
t h e  t r ans fo rm o p e r a t i o n .  Tha t  is, de termina t ion  of t h e  p l ane  
i n  which the  t r ans fo rm e x i s t s  must be made. U s e  of t h e  
F r e s n e l  d i f f r a c t i o n  formula shows t h e  output  ampli tude d i s t r i b u -  
t i o n  t o  be 
w w -f z k 2 2  1 1  --)exp{i -[ + - + - I  
z1 --a -w X d  Ad Xd X d  2 0  
2 . (x2 + y 2 2 ) ~ e x p ( -  i2nay2) 
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where CT = f ( z  + z2> - z1z2" 2 1  
In order for  the  ou tpu t  l i g h t  d i s t r i b u t i o n  t o  focus  
i n  a p l ane  and provide  the  des i r ed  F o u r i e r  t r ans fo rma t ion ,  
t he  q u a d r a t i c  phase factor  w i t h i n  t h e  in t eg rand  must be 
made e q u a l  t o  u n i t y .  T h i s  is accomplished when 
Normally, t h e  ou tpu t  i n t e n s i t y  is r e q u i r e d  ( i . e . ,  t he  correla- 
t i o n  i n t e n s i t y ) ,  and t h e  q u a d r a t i c  phase factor  o u t s i d e  t h e  
i n t e g r a l  i n  Equat ion B-5 is unimportant .  However, it too can 
be made e q u a l  t o  u n i t y  by l e t t i n g  
z1 = f 2  
In t h i s  case, t h e  l i g h t  ampli tude d i s t r i b u t i o n  i n  t h e  ou tpu t  
p l ane  is p r o p o r t i o n a l  t o  t h e  F o u r i e r  t ransform of GS* cen te red  
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f2d  E = -  (B-9) 
is t h e  output  p l ane  s c a l i n g  factor .  Under t h e  c o n d i t i o n s  
of Equation B-6, t h i s  s c a l i n g  f a c t o r  becomes 
f 2  Z + d -  1 
€ =  
f 2  
(B-10) 
If t h e  c o n d i t i o n s  of Equation B-7 are adapted ,  t he  
l o c a t i o n  of t h e  ou tpu t  p l ane  r e l a t i v e  t o  l e n s  L2 is g iven  
by 
and t h e  ou tpu t  p l ane  s c a l i n g  fac tor  becomes 
d E : =  - 
f 2  
(B-11) 
(B-12) 
Of  p r a c t i c a l  importance is t h e  f ac t  t h a t  t h e  proper  loca-  
t i o n  of t h e  output  p l ane  is t h a t  p o s i t i o n  where t h e  r e f e r e n c e  
po in t  sou rce  image appea r s ,  i n  t h e  absence of any o b s t r u c t i o n  
i n  t h e  f i l t e r  p l a n e ,  T h i s  can be seen  by cons ide r ing  t h e  l e n s  
equat ion  f o r  La; 
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1 
f -  
1 - -  - 1 
z2 f 2  d -t z1 
(B-13) 
t h u s  g i v e s  a r e f e r e n c e  p o i n t  sou rce  image d i s t a n c e  z2 i d e n t i c a l  
t o  Equation B-6. The r e l a t i o n s  of Equat ions B-6 and B-10 are 
d e p i c t e d  by Figure  B - l ~  
I t  has  been shown t h a t  t h e  l o c a t i o n  of t h e  output  p l ane  
is dependent upon t h e  p o s i t i o n  of t h e  inpu t  p l ane  and second 
t r ans fo rm l e n s  r e l a t i v e  t o  t h e  f i l t e r  p lane .  Also, i n  a d d i t i o n  
t o  t h e  f i l t e r  p l ane  scale f a c t o r ,  an  output  p l ane  s c a l i n g  





0 1 2 3 4 5 6 7 8  
Figure  B-1. Re la t ionsh ips  between system parameters  and 
output  p l ane  p o s i t i o n  and scale fac tor .  
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APPENDIX C 
CLOSED CIRCUIT TELEVISION LINE SCANNER 
A closed c i r c u i t  t e l e v i s i o n  system can be adapted t o  
provide  an ana log  v o l t a g e  readout  wh i l e  ma in ta in ing  v i s u a l  
moni tor ing  capab i l i t y .  The ana log  v o l t a g e  may be presented  
on an  o s c i l l o s c o p e  CRT (or otherwise p rocessed ) ,  t h e  v o l t a g e  
be ing  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  i n c i d e n t  upon t h e  Vidicon, 
A system is  described here which allows i s o l a t i o n  of one 
ho r i zon ta l  s can  l i n e ,  or a p o r t i o n  of one scan  l i n e ,  from 
which t h e  v i d e o  s i g n a l  may be extracted. Such a sys tem is 
m o s t  e a s i l y  realized through t h e  u s e  of an  o s c i l l o s c o p e  w i t h  
a de layed  sweep f u n c t i o n .  However, it is necessary  t o  o b t a i n  
s y n c r o n i z a t i o n  p u l s e s  from t h e  camera i n  order t o  syncronize  
t h e  o s c i l l o s c o p e .  If a sync  p u l s e  ou tpu t  is not  a v a i l a b l e  
from the  camera, it c a n  be e x t r a c t e d  f r o m  t h e  composite v ideo  
ou tpu t  of t h e  camera. A c i r c u i t  which can be used fo r  such 
is shown i n  F igu re  C-1. U s e  of t h i s  c i r c u i t  makes it unneces- 
s a r y  t o  make connec t ions  i n t e r n a l  t o  t h e  camera and pe rmi t s  
u s e  of t h e  l i n e  scanner  t echn ique  w i t h  d i f f e r e n t  cameras, 
Sync Recovery C i r c u i t  
With r e f e r e n c e  t o  F igure  C-1, composite v ideo  s i g n a l s  
e n t e r  t r a n s i s t o r  Q and are ampl i f ied ;  t h e  s i g n a l  is t h e n  DC 
restored a t  i ts o u t p u t .  
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i n fo rma t ion ,  and,  due t o  t h e  l o w  pass characteristics of 
Q3 and its c i r c u i t r y ,  on ly  t h e  v e r t i c a l  sync  p u l s e s  reach 
t h e  v e r t i c a l  sync s i g n a l  ou tpu t .  
sync p u l s e s  a re  s e p a r a t e d  by a d i f f e r e n t i a t o r  c i r c u i t  which 
i n c l u d e s  t r a n s i s t o r  Q4. T r a n s i s t o r  Q5 i n v e r t s  t h e  s i g n a l  
which is then  used t o  synchronize  a u n i j u n c t i o n  ( Q , )  s a w -  
t oo th  wave g e n e r a t o r  w i t h  t h e  h o r i z o n t a l  sync  p u l s e s  from 
t h e  camera. The sawtooth s i g n a l  c o n s t i t u t e s  one t r i g g e r  
s o u r c e  t o  be used by t h e  o s c i l l o s c o p e ,  t h e  v e r t i c a l  sync 
p u l s e  from Q3 t h e  other.  
From Q2 t h e  h o r i z o n t a l  
In  a d d i t i o n  t o  t h e  recovery  of t h e  sync  s i g n a l s  there 
is a d i v i d e r  network t h a t  a l lows  the  u s e  of a gate p u l s e  
f r o m  t h e  o s c i l l o s c o p e  t o  produce a w h i t e  l i n e  marker f o r  
t h e  t e l e v i s i o n  m o n i t o r ,  t h u s  f a c i l i t a t i n g  data l o c a t i o n .  
T h i s  marker is used t o  locate t h e  p o s i t i o n  of t h e  s c a n  l i n e  
f r o m  which da t a  is read o u t  v i a  t he  o s c i l l o s c o p e .  
Set-up and T e s t  Procedure 
The fo l lowing  is a s e t u p  and o p e r a t i o n  procedure f o r  
t h e  l i n e  scanner  system. Although t h e  procedure is for  
t h e  sync p u l s e  recovery  c i r c u i t  used w i t h  t h e  t y p e  555 
Tekt ronix  d u a l  beam o s c i l l o s c o p e  equipped w i t h  a 21-A ( t i m e  
base A )  and a 22-A ( t i m e  base B) plug i n  u n i t ,  t h e  test set-  
up should be a p p l i c a b l e  t o  m o s t  oscilloscopes w i t h  delayed 
sweep c a p a b i l i t i e s .  T h i s  delayed sweep f u n c t i o n  is used t o  
i s o l a t e  and expand t h e  des i r ed  p o r t i o n  of t h e  v ideo  s i g n a l  
t o  be s t u d i e d .  
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1. The composite v ideo  s i g n a l  f r o m  t h e  camera is 
a p p l i e d  t o  the inpu t  of t h e  sync  p u l s e  recovery  
c i r c u i t  and t o  channel  one of t he  o s c i l l o s c o p e .  
2 ,  The "A" t i m e  base is set t o  t r i g g e r  on either 
p o s i t i v e  or n e g a t i v e  going s l o p e  and u s e s  t h e  
v e r t i c a l  s y n c  p u l s e  ou tpu t  from t h e  sync p u l s e  
recovery  c i r c u i t  as  an  e x t e r n a l  t r i g g e r  sou rce .  
The u s e f u l  ranges  of "A" sweep t i m e s  w e r e  5,  2 ,  
and 1 m i l l i  sec./cm. The t r igger  v e r n i e r  is 
set t o  provide  a s table  trace of t h e  composite 
v i d e o  e 
3 .  The trBcf  t i m e  base is set t o  t r i g g e r  on the  pos i -  
t i v e  slope of t he  sawtooth ou tpu t  of t he  recovery  
c i r c u i t .  The sawtooth wave rises from its v a l l e y  
t o  its peak du r ing  one h o r i z o n t a l  s can  by t h e  tele- 
v i s i o n  so t h a t  by o s c i l l o s c o p e  vtBct t r i g g e r  v e r n i e r  
adjustment  any convenient  t r i g g e r  po in t  a long  a 
h o r i z o n t a l  s can  l i n e  can be ob ta ined .  T h e  p o s i t i v e  
t tBrr t i m e  base g a t e  p u l s e  ou tpu t  from t h e  o s c i l l o s c o p e  
is fed  t o  t h e  d i v i d e r  network t o  provide  a marker f o r  
t h e  t e l e v i s i o n  monitor .  T h e  trBcf  t i m e  base is u s e f u l  
i n  t h e  .5 t o  -1 IJ- sec/cm sweep r anges .  
The rrB7r  t r igger  v e r n i e r  p rov ides  t h e  means by which 
l o c a t i o n  of any p o r t i o n  of a h o r i z o n t a l  s can  l i n e  t o  
be expanded and observed is obtained.  In p r a c t i c e  
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t h e  marker l i n e  seen on t h e  t e l e v i s i o n  monitor 
is the  p o r t i o n  being read by t h e  o s c i l l o s c o p e .  
The  marker l i n e  p o s i t i o n  can be a d j u s t e d  t o  
t h e  l e f t  of t h e  sc reen  by t h e  **B" t i m e  base 
course  t r i g g e r  v e r n i e r  and is s h i f t e d  t o  t h e  
r i g h t  a long t h e  h o r i z o n t a l  scan  l i n e  by  t he  f i n e  
t r i g g e r  v e r n i e r  adjustment .  The delay v e r n i e r  con- 
t r o l  on t h e  o s c i l l o s c o p e  is used fo r  t h e  choice of 
t h e  p a r t i c u l a r  h o r i z o n t a l  l i n e  t o  be observed. 
Prior t o  t h e  u s e  of t h e  l i n e  scanner  system descr ibed  
above, t h e  dynamic c h a r a c t e r i s t i c s  of t h e  TV camera employed 
should be determined.  T h i s  information provides  a knowledge 
of t he  l i n e a r  range of ope ra t ion  f o r  such a sys t em.  
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A P P E N D I X  D 
DEVELOPMENT OF BANDLIMITED 
RECTANGULAR APERTURE CORRELATION FUNCTION 
The ou tpu t  cor re la t ion  l i g h t  ampl i tude  d i s t r i b u t i o n  
c a n  be found b y  s u b s t i t u t i o n  of Equations 6 and 8 i n t o  
Equation 4 of Chapter 11. I n  order t o  s i m p l i f y  t h e  mathe- 
matical  manipula t ions  involved ,  u s e  is made of t h e  f a c t  
t h a t  t h e  s u b s t i t u t i o n  r e s u l t s  i n  a separable f u n c t i o n .  
Thus, t h e  two-dimensional problem c a n  be handled as  t w o  
one-dimensional problems, t h e  t w o  dimensional  r e s u l t  b e i n g  
t h e  product  of t h e  two one-dimensional r e s u l t s .  
In  one-dimension, Equation 4 becomes 
m 
Q(x,) a 2 aaf  s i n c ( a a u )  s i n c ( n a ’ u ) c o s ( 2 ~ u x ~ ) d u .  (D-1) 
m f  
Using t r igonometr ic  i d e n t i t i e s ,  t h e  above express ion  can  
be i n t e g r a t e d  t o  g i v e  
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+ ess(pgpa,m) i- cos(p4rarm) + cos (plTa’m’ ) 3 
+ cos (p2Tafm’ ) - cos (p3ra’m’ ) - cos (p4Ta’m’ ) 1 
where 
p1 = 1 - a/ar - 2x3/a‘ 
= 1 - a/al -t 2x3/a’ 
p3 = 1 + a/a’ - 2x3/a‘ 
p4 = 1 + a/al + 2x3/a’ 
p2 
The s i n e  i n t e g r a l  appea r ing  above is a t a b u l a t e d  f u n c t i o n  
de f ined  as 
The expres s ion  fo r  the  one-dimensional c o r r e l a t i o n  l i g h t  
ampl i tude  d i s t r i b u t i o n  g iven  by Equation D-2 is q u i t e  general. 
I t  may be employed t o  c a l c u l a t e  both  a u t o c o r r e l a t i o n  and 
c r o s s c o r r e l a t i o n  d i s t r i b u t i o n s  fo r  wideband and v a r i o u s  band- 
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l i m i t e d  matched f i l t e r s .  I t  should be noted t h a t  a/a’ = 1 
g i v e s  a u t o c o r r e l a t i o n  and a f a’ c r o s s c o r r e l a t i o n  (see 
F igure  3). The c u t  off  f r e q u e n c i e s  m’ and m (see F igure  2) 
f o r  t h e s e  f i l t e r s  are as  fo l lows:  
Wideband f i l t e r :  m r  = o 
m = o o  
Low D a s s  f i l t e r :  m r  = o 
m = p r e s c r i b e d  upper c u t  o f f  
f requency 
High pass  f i l t e r :  m’ = p r e s c r i b e d  lower c u t  of f  
f requency 
m = m  
Band pass  f i l t e r :  m’ = p r e s c r i b e d  lower c u t  off  
f requency 
m = p r e s c r i b e d  upper c u t  off  
f requency 
Fur the r  examination of Equation 0-2 r e v e a l s  t h a t  normal- 
i zed  c o r r e l a t i o n  d i s t r i b u t i o n s  can  be  dep ic t ed  i n  t e r m s  of 
O(x,/a’)/al ,  as a f u n c t i o n  of x3/a’. 
f r e q u e n c i e s  are t h e n  a r m ’  and a r m .  
The normalized c u t  off 
A one-dimensional problem has been so lved  above. The 
expres s ion  fo r  t h e  second one-dimensional c o r r e l a t i o n  ampli- 
t u d e  d i s t r i b u t i o n  is s i m i l a r  t o  Equation D-2. The d i s t r i b u t i o n  
@ ( y  / b f )  is obta ined  by changing ~ ~ , a ’ ~ a , m ’  and m t o  3 
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y 9 b ’ s b 9 n ’  and n ,  r e s p e c t i v e l y ,  i n  Equation D-2. Thus, 3 
he r e c t a n g u l a r  a p e r t u r e  s i g n a l  format, t h e  t w o  one- 
dimensional  d i s t r i b u t i o n s  d i f f e r  by on ly  a scale factor .  
F i n a l l y ,  t h e  t w o  dimensional  c o r r e l a t i o n  ampli tude d i s t r i -  
b u t i o n  is g iven  by 
D a t a  are p resen ted  i n  t h e  text  cor responding  t o  one-di- 
mensional  cu rves  ( e .g . ,  y3/b’ = 0) of c o r r e l a t i o n  i n t e n s i t y ,  
which is t h e  detectable ou tpu t  q u a n t i t y ,  These data r e p r e s e n t  
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APPENDIX E 
IMPROVED DIFFRACTION EFFICIENCY OF MATCHED 
FILTERS BY CHEMICAL BLEACHING 
T h e  coherent  o p t i c a l  matched f i l t e r  is a Four i e r  t r a n s -  
form type  hologram of t h e  s i g n a l  t o  which t h e  f i l t e r  is 
matched. Seve ra l  a u t h o r s  have t h e o r e t i c a l l y  predicted t h a t  
t h e  d i f f r a c t i o n  e f f i c i e n c y  of s i m p l e  p l ane  wave holograms 
may be inc reased  by chemica l ly  b leaching  t h e  hologram ( 1 2 ,  13, 14,  
15,  16 ) .  The chemical b leaching  of ampli tude holograms 
produces phase holograms, t h e  d i f f e r e n c e  between t h e  t w o  t y p e s  
of holograms being t h a t  an ampli tude hologram is recorded on 
photographic  f i l m  a s  a n  a b s o r p t i o n  g r a t i n g ,  whereas t h e  
phase hologram is recorded a s  an  index of r e f r a c t i o n  g r a t i n g .  
Theory predicts t h a t  t h e  maximum d i f f r a c t i o n  e f f i c i e n c y  of 
an a b s o r p t i o n  t y p e  hologram is 6.25% (2 ) ;  i n  practice, t h e  
e f f i c i e n c y  v a l u e s  achieved are g e n e r a l l y  lower t h a n  t h i s  va lue .  
I n  c o n t r a s t  t o  these r e l a t i v e l y  l o w  e f f i c i e n c y  v a l u e s  of absorp- 
t i o n  holograms, one a u t h o r  has shown t h e o r e t i c a l l y  t h a t  t h e  
d i f f r a c t i o n  e f f i c i e n c y  of phase holograms should  approach 
100% 02). Here a g a i n ,  t h i s  theoretical  v a l u e  probably cannot  
be obta ined  i n  practice. However, t h e  t w o  theore t ica l  v a l u e s  
do i n d i c a t e  t h e  large p o t e n t i a l  i n c r e a s e  i n  d i f f r a c t i o n  e f f i -  
c iency  f o r  phase holograms. Since t h e  coherent  o p t i c a l  matched 
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f i l t e r  is i n  r e a l i t y  a Four i e r  t ransform hologram, it would 
s e e m  t h a t  t h e  b leaching  process  might  be a p p l i c a b l e  t o  t h e  
matched f i l t e r  e 
In t h i s  s t u d y ,  matched f i l ters  are made f o r  t h e  r e c t a n g u l a r  
a p e r t u r e  meteor t r a i l  model on Kodak 649F spec t roscop ic  p l a t e s  
and bleached i n  a potassium f e r r i c y a n i d e  s o l u t i o n .  The purpose 
of t h i s  work is t o  demonstrate  t h e  f e a s i b i l i t y  of bleaching 
matched f i l ters ,  and t o  de termine  the  effects of bleaching 
upon matched f i l t e r  o p e r a t i o n .  
Theory -9f Bleaching 
As stated p rev ious ly ,  phase holograms have t h e  p o t e n t i a l  
f o r  ach iev ing  much greater d i f f r a c t i o n  e f f i c i e n c i e s  than  
ampli tude holograms. One convenient  method of producing a 
phase hologram is by first making an ampli tude hologram and 
then  bleaching i t  w i t h  an a p p r o p r i a t e  chemical  s o l u t i o n .  
Because such holograms o p e r a t e  on t h e  phase r a t h e r  than t h e  
e of t h e  i n c i d e n t  l i g h t  wave, i t  is necessary t o  
f i n d  a b leaching  material which w i l l  l e ave  t h e  hologram 
c’ompletely t r a n s p a r e n t  (1% e Phase mod i f i ca t ions  t o  t h e  
i n c i d e n t  beam w i l l  t h e n  be caused by an index of r e f r a c t i o n  
v a r i a t i o n  i n  t h e  emulsion, 
J 
During t h e  exposure and development of an ampli tude 
hologram, t h e  s i l v e r  h a l i d e  p a r t i c l e s  of t h e  f i l m  emulsion 
a r e  converted t o  s i l v e r ;  a f i x i n g  s tep  fo l lows ,  during 
which the  unexposed s i l v e r  ha l ide  p a r t i c l e s  a r e  removed from 
t h e  emulsion, leav ing  t h e  s i l v e r  image. To change t h e  ampli- 
t ude  hologram t o  a phase hologram, t h e  s i l v e r  s i tes  are con- 
ve r t ed  t o  a t r a n s p a r e n t  compound which has  an  index of refrac- 
t i o n  d i f f e r e n t  from tha t  of t h e  emulsion. 
The mathematical  development of t h e  abso rp t ion  type  
matched f i l t e r  is given i n  Appendix A ,  where an express ion  
for  t he  t r ansmi t t ance  of t h e  ampli tude f i l t e r  is given by 
Equation A - 6 .  In g e n e r a l ,  t h e  t r ansmi t t ance  of a hologram 
may be expressed a s  an  ampli tude and a phase; t h u s ,  
T(x2 ,y2)  = to exp[ i#(x2 ,y2) ]  
When dea l ing  w i t h  an ampli tude hologram, t h e  t r ansmi t t ance  
func t ion  is i d e a l l y  a r e a l  func t ion ,  and t h e  phase is equal  
t o  zero;  t h i s  ideal  case w a s  assumed i n  t h e  development of 
Equation A - 6 .  When t h e  ampli tude hologram is bleached, t h e  
ampli tude v a r i a t i o n s  are removed and to approaches u n i t y  
( i e e e 9  t h e  ho logram- i s  t r a n s p a r e n t ) .  Thus, t h e  t r ansmi t t ance  
of t h e  bleached hologram (or matched f i l t e r )  can now be 
expressed a s  
T(XZ’Y2) = exP[i$(x2,Y2)] ,  
where t h e  phase v a r i a t i o n  d (xZ9 y,) has been introduced as 
a r e s u l t  of t h e  index of r e f r a c t i o n  g r a t i n g  n ( x  y created 
by t h e  b leaching  process  ( l a ) ,  
2 9  2 
The v a r i a t i o n  i n  n(x2,  y,) f o r  
t h e  bleached hologram is approximately p ropor t iona l  t o  t h e  
mass of s i l v e r  which was o r i g i n a l l y  exposed i n  making t h e  
ampli tude hologram; i n  o t h e r  words, t he  more s i l v e r  s i tes  
which w e r e  o r i g i n a l l y  exposed, and w e r e  t hen  converted t o  a 
t r a n s p a r e n t  material, t h e  greater t h e  change i n  index of 
r e f r a c t i o n  (14). Thus, abso rp t ion  holograms which have high 
o r i g i n a l  d e n s i t i e s  g i v e  t h e  greatest index of r e f r a c t i o n  
v a r i a t i o n  a f t e r  b leaching .  Now, the  d e n s i t y  of t h e  abso rp t ion  
hologram is p r o p o r t i o n a l  t o  t he  i n t e n s i t y  dur ing  exposure; 
t h u s ,  s i n c e  $(x2, y,) is p r o p o r t i o n a l  t o  I ( x 2 ,  y,), w e  may 
express  t h e  t r a n s m i t t a n c e  of t h e  bleached hologram as  
The i n t e n s i t y  i n c i d e n t  upon t h e  f i l m  during matched f i l t e r  
formation may be w r i t t e n  as 
where 
F i n a l l y ,  t he  t r a n s m i t t a n c e  becomes 
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Thus, w e  see t h a t  t h e  t r a n s m i t t a n c e  of a bleached hologram 
is i d e a l l y  a pure  phase q u a n t i t y .  
To emphasize t h e  concept of t h e  r e f r a c t i v e  index g r a t i n g  
caused by b leaching  t h e  ampli tude hologram, w e  may expres s  
d(x,, Y,) as 
where no is t h e  average  index  of r e f r a c t i o n  across t h e  
emulsion and n is one-half t h e  maximum change i n  t h e  refrac- 
t i v e  index. To minimize d i s t o r t i o n  i n  t h e  opt ical  ou tpu t  of 
1 
t h e  bleached matched f i l t e r ,  t h e  phase modulation should be 
kept  s m a l l .  
Bleaching Chemicals 
A w i d e  va r i e ty  of materials have been i n v e s t i g a t e d  as  
p o s s i b l e  b l each ing  a g e n t s  f o r  t he  product ion  of phase holo- 
grams. Among t h e  bleaches m o s t  o f t e n  used are  mercuric  
ch lo r ide  ( H g C 1 2 ) ,  Kodak Chromium I n t e n s i f i e r  Bleach, potassium 
f e r r i c y a n i d e  ( 3 K 3 F e ( C N ) 6 ) ,  c u p r i c  bromide (CuBr2) ,  and the  
so-called R-10  bleaches. I t  is g e n e r a l l y  agreed t h a t  t h e  
chemical r e a c t i o n s  t h a t  occur  w i t h  t h e  s i l v e r  particles dur ing  
b leaching  are  t h e  fo l lowing  (12,13,14915,16):  
1 e Mercuric Chlor ide  
A g  + HgC12 + A g C l  H g C l  
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2 e Potassium Fer r i cyan ide  
A g  + K3Fe(CN)6 + KBr -+ AgBr + K4Fe(CN)6 
3. Copper Bromide 
2Ag + CuBr2 + H202 + 2AgBr + H201 + Cu0 
R-10 Bleach 
9Ag + 12NaC 
9AgC1 + Cr2C13 + 7N20 + 6Na2S04 + (NH4>2S04. 
+ 7H2S04 + (NH 
ak Chromium n t e n s i f i e r  Bleach probably has a r e a c t i o n  
equat ion  s i m i l a r  t o  t ha t  of t h e  R - 1 0  bleach, s i n c e  they both 
c o n t a i n  CraOa w i t h  either ammonium (NH4)a or some other 
compound 
A s  can be seen  f r o m  each of the  above r e a c t i o n  equat ions ,  
each bleach reacts w i t h  t h e  s i l v e r  of t h e  ampli tude hologram 
t o  produce an  i n s o l u b l e  t r a n s p a r e n t  compound; t h u s ,  t h e  
r e s u l t a n t  hologram is le f t  t r a n s p a r e n t .  I n  bleaching t h e  
ampli tude hologram, it is necessary t o  make t h e  hologram as 
t r a n s p a r e n t  a s  p o s s i b l e  s o  a s  t o  conver t  t he  hologram t o  a 
pure  phase hologram, 
Each of t h e  bleaches mentioned above has  c e r t a i n  
d e s i r a b l e  p r o p e r t i e s ,  For example, t he  mercuric  c h l o r i d e  
bleach o f t e n  produces phase holograms which.  have g r e a t e r  
d i f f r a c t i o n  e f f i c i e n c i e s  than  those  of t h e  o t h e r  b leaches .  
However, mercuric  c h l o r i d e  bleach forms compounds t h a t  a r e  
u n s t a b l e  and which have a tendency t o  become more opaque w i t h  
exposure t o  l i g h t  ( Thus, an a d d i t i o n a l  process ing  s t e p  
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is necessary a f t e r  bleaching t o  make t h e  emulsion s t a b l e ;  it 
has been found tha t  by soaking t h e  bleached p l a t e s  i n  a s o l u t i o n  
of a mercuric  halogen t h e y  become more stable.  Another factor 
t o  be considered concerning mercuric  c h l o r i d e  bleach is t h e  
f a c t  t h a t  mercuric  compounds p resen t  a c e r t a i n  s a f e t y  hazard,  
as t h e y  may be absorbed through t h e  s k i n .  
The copper bromide bleaches a l s o  g i v e  good d i f f r a c t i o n  
e f f i c i e n c i e s ;  however, l i k e  mercuric  chloride phase holograms, 
holograms produced by copper bromide a r e  u n s t a b l e  without  
f u r t h e r  process ing  a f te r  t h e  bleaching s t e p .  
The potassium f e r r i c y a n i d e  s o l u t i o n s  are very appea l ing  
a s  p o t e n t i a l  b leaching  agen t s  e Unlike mercuric  c h l o r i d e ,  
potassium f e r r i c y a n i d e  p r e s e n t s  no sa fe ty  hazards .  A second 
advantage of potassium f e r r i c y a n i d e  is t h a t  it produces phase 
holograms which are s table  without  f u r t h e r  process ing .  I t  
is t r u e  t h a t  potassium f e r r i c y a n i d e  produces d i f f r a c t i o n  
efficiencies tha t  are somewhat l o w e r  t h a n  those produced 
by mercuric  c h l o r i d e ;  however, i f  one is w i l l i n g  t o  accept  
t h e  sma l l  decrease i n  d i f f r a c t i o n  e f f i c i e n c y  associated 
w i t h  potassium f e r r i c y a n i d e ,  he g a i n s  t h e  increased  ease of 
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